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The conversion of graphite to graphene oxide (GO) is an effective and widely used 
method for solubilizing and exfoliating graphite. However, the oxidation is not uniform, 
and wide variations in the degree of oxidation exist between and within batches of 
GO. In this dissertation, we introduce an approach to both quantify the global degree 
of oxidation in GO and to separate GO into fractions, each with more uniform extents 
of oxidation. Using the formation of GO-stabilized oil-in-water emulsions, GO is 
separated into an emulsion fraction and a water fraction. The results find that the GO 
sheets that stabilize the emulsion droplets are less oxidized than sheets suspended 
in water as shown by multiple characterization techniques. The use of successive 
fractionation allows not only for the preparation of GO fractions with more narrowly 
defined properties but also provides a method for characterizing GO batches. Further, 
this fractionation method is applied to statistically determine the distribution of 
oxidation within a GO batch and used to calculate a number called oxidation dispersity 
(OD). Various properties of these GO fractions, such as optical, electrochemical, 
electrical, mechanical, and biocompatible were also investigated. Another study is 
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or air, with time. The degree of oxidation and Raman defects appear to be changing 
as the GO ages. This phenomenon affects the outlook for GO applications and 
provides a better understanding of GO kept for storage. This fractionation method and 
aging study promise to provide the field with some critical missing pieces: a 
straightforward and standard method for the global characterization and comparison 
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Chapter 1:  Introduction to Graphene and 
Graphene Oxide 
 
1.1  Graphene 
 
Graphene oxide (GO) is an oxidized product of graphite and is sometimes referred 
to (incorrectly) as graphene due to its exfoliated nature.1,2,3 In order to understand the 
importance of GO, it is necessary to first know about graphene. Graphene is a two-
dimensional sheet of sp2-hybridized carbon atoms arranged in a honeycomb lattice. 
The combination of two equivalent sub-lattices of carbon atoms gives rise to a 
graphene honeycomb lattice. These carbon atoms are bonded together with sigma 
bonds in this honeycomb lattice, as shown in Figure 1-1a.4 The π orbital of each 
carbon atom in the lattice contributes to the delocalization of electrons and is essential 
for the excellent properties of graphene.1 Monte Carlo simulations4 and transmission 
electron microscopy (TEM) studies address the presence or absence of freely 
suspended graphene has ‘intrinsic’ ripples.5 A lateral dimension of about 8-10 nm and 
a height displacement of about 0.7 to 1 nm were estimated in the microscopic 
corrugations (Figure 1-1b).4 
Graphene has been described as “the mother of all carbon allotropes,” as it can be 
wrapped into zero-dimensional fullerenes, rolled into one-dimensional carbon 




Novoselov et al., it was thought that a two-dimensional carbon material was 
thermodynamically unstable6 and could only serve to form three-dimensional 
structures. Geim and Novoselov were the first to successfully isolate and 
experimentally determine the properties of a single layer of graphene,7 which 




Figure 1-1. (a) Schematics of the crystal structure, Brillouin zone and dispersion 
spectrum of graphene; (b) ‘Rippled graphene’ from a Monte Carlo simulation. The 






Ever since the initial isolation of graphene, its unique chemical, electronic and 
physical properties have become the focal point of considerable research. Graphene 
has a tensile modulus of 1 TPa,8 a thermal conductivity of 5,000 W m-1 K-1,9 a specific 
surface area of 2,630 m2 g-1,10 an electron mobility of 250,000 cm2 V-1 s-1, 11 good 
chemical stability,12 transmittance of 97.7% of visible light,9 and is very sensitive to 
electrical perturbations.13 These properties of graphene sheets make it an attractive 
material for a variety of applications. For example, graphene can be used as a 
transparent conductive material,14–17 supercapacitor,18–20 for hydrogen storage,21,22 
and for chemical sensors.13,23  
 
1.2  Outline 
 
This dissertation focuses on exploring the structure/property relationships and 
synthesis mechanism of graphene oxide. In the past, most efforts in the graphene 
oxide (GO) community have focused on optimizing the performance of GO-based 
materials in applications rather than fundamental studies of the material itself. The first 
part of this dissertation investigates existing studies of GO synthesis. It introduces 
some common characterization techniques that are used for studying graphene oxide. 
Chapter 3:  describes a method to cheaply and efficiently vary the properties of 
graphene oxide without carrying out a physical or chemical reaction. This method uses 
oil and water emulsion systems to produce various grades of GO material different 
from each other in terms of the degree of oxidation, and size. Chapter 4:  contains a 




fractionation method is used to define this qualitatively and quantitatively. Chapter 5:  
looks at the various properties of graphene oxide fractions, i.e. contact angle, 
transmission through films, fractions size variations, biocompatibility of polymer and 
GO-based materials, mechanical properties of polymers and GO fraction-based 
nanocomposites and electrochemical applications of the GO fractions. Chapter 6 
defines two new generations of GO materials with unique properties where one is 
obtained from fractionation processes with no chemical reaction involved, the other is 
produced by physical modifications during the oxidation reaction for GO synthesis. 
Chapter 7:  presents an aging study of graphene oxide. GO has been used for about 
two decades, but no research has been done on the effect of long term storage on 
GO. This study shows how aging has a very significant effect on GO materials.  
 
1.3  Graphene Oxide 
1.3.1  Structure of Graphene Oxide 
Graphene oxide’s structure, unlike graphene, is not identical when produced in 
different batches, with the oxygen functional groups uniquely distributed on each GO 
sheet.24,25 Therefore, it is important to study and understand the underlying features 





Figure 1-2. Description of molecular and atomic structures of Graphene Oxide (GO) and 
Reduced Graphene Oxide.24 a, Lerf–Klinowski model describing the structure of single 
sheet structure of graphene oxide.26 b, GO chemical structure described by Gvao 
and colleagues in 2009.27 c, Atomic resolution, aberration-corrected high-resolution 
transmission electron micrograph of a single-layer rGO membrane.28 Color scheme 
highlights the different structural features: dark grey, contaminated regions; blue, 
disordered single-layer carbon networks or extended topological defects; red, 
individual adatoms or substitutions; green, isolated topological defects; yellow, holes 
and their edge reconstructions. Scale bar: 1 nm.28 d, Atomic model schematically 
illustrating disordered rGO basal plane consisting of holes, topological defects, and 
remnants of oxygen groups.29 
 
The distance between adjacent layers in stacked GO sheets is known as the 
interlayer distance.24 This interlayer distance, i.e. intrinsic thickness of GO flakes, is 




range for multiple reasons. It can vary depending upon the type of synthesis methods, 
dehydration method used, hydration due to storage, inherent properties of the 
precursor graphite used, i.e. synthetic or natural, size if GO sheets, etc. The GO flake 
size or lateral dimensions can range between a few nanometers to hundreds of 
micrometers.31,32 A major reason behind this is the size of the starting graphite 
material. Also, the oxidation process breaks the sheets apart and changes the sheet 
size. Different synthesis methods can lead to different flake sizes. The Lerf–Klinowski 
model is one of the first widely accepted pictures for the structure of graphene oxide,26 
as shown in Figure 1-2a. It was supported by several investigators experimentally and 
represents a single atomically thin layer of GO with hydroxyl and epoxy groups.24,33 
However, chemically the reality different. Later, Gao and co-workers brought a new 
and better chemical structure of graphene oxide with 5 and 6-membered ring lactols 
present on the edges of the sheets. In-plane esters of tertiary alcohols are a majority 
in their model (Figure 1-2b).27  
Gómez-Navarro and coworkers28 reported a detailed high-resolution transmission 
electron micrograph of reduced graphene oxide (rGO).34 This method has 
revolutionized the atomic scale topological studies of two-dimensional materials, 
especially graphene and derivatives as shown in Figure 1-2c.28 For the first time, they 
showed the various defects in rGO structure at a very small (sub-nanometer) scale 
with various highlighted regions. This study has shown the groups of holes, Stone-
Wales and other defects descriptively. In contrast with GO, very few calculated models 
have been proposed for reduced GO. Using first principles and molecular dynamics 




of graphene oxide as a function of the extent of reduction of the material.24 This study 
proposed a disordered picture of reduced graphene oxide which consists of holes in 
the basal plane as shown in Figure 1-2d. These holes appear due to the evolution of 
CO2 and CO during the reduction process. The appearance of the holes is confirmed 
by the HR-TEM as demonstrated in Figure 1-2c. One other important piece of 
information that is obtained from this study29 is that the oxygen functionalities present 
in GO are not identically attached in terms of stability. After the reduction process, 
there are some functionalities (residual oxygen is 7—8% of total rGO weight) that are 
still attached to the structure. They are highly stable carbonyl and ether groups that 
cannot be further removed unless the entire graphene plane is destroyed. This fact 
will be discussed more in the experimental sections in Chapter 7:  where the GO loses 
oxygen functionalities with aging in natural dry storage environment but not much in 
an aqueous environment. This has a lot to do with the highly disproportionate stability 
of these functional groups.  
 
1.4  Characterization Methods for Graphene Oxide 
In addition to difficulties in the formation of single GO sheets, there are multiple 
problems associated with characterizing GO. A single layer of graphene absorbs only 
2.3% of light, therefore is difficult to detect optically. Silicon wafers 100 nm or 300 nm 
in thickness can be used to visually observe monolayer graphene.35 Two of the most 
commonly used methods are scanning probe microscopy36–38 and Raman 
spectroscopy39–41 in case of graphene and its derivatives like GO and rGO. These 





1.4.1  Raman Spectroscopy 
 
Figure 1-3. Raman spectra showing (a) the difference in peak intensities between 
the G peak at 1580 cm-1 and the 2D peak at ~2700 cm-1 for graphite compared to 
graphene and (b) the ability of the 2D peak to identify the number of graphene 
layers.37 Copyright 2006 by The American Physical Society 
 
The key peak of interest is known as either the 2D or the G’ peak. It is located at 
approximately 2700 cm-1 and, like the G-peak, is present in all graphene samples. 
This peak is a result of a second order, two-phonon mode in the so called fingerprint 
region. The fingerprint region peak is used to determine the number of layers in 
graphite based on its location and shape (as shown in Figure 1-3b). Though Raman 
spectroscopy can provide a great deal of information regarding graphene sheets, 






Raman spectroscopy provides high-throughput quantitative data. It identifies the 
number of layers as well as the quality of sheets quickly with little need for sample 
preparation, which are limiting factors for SPM. The data obtained from Raman 
spectroscopy shows that changing the laser wavelengths has very little effect on the 
resulting spectra for graphene,39 whereas other carbon materials such as carbon 
nanotubes exhibit wavelength-dependent peaks.42 Spectra of graphene typically 
contain three main peaks of interest (see Figure 1-3a). The two primary peaks occur 
at approximately 1370 cm-1 and 1580 cm-1 and are referred to as the D and G peaks, 
respectively. The D-peak at around 1370 cm-1 corresponds to a radial breathing mode 
of the hexagons, which only arise when defects within the material are present. The 
G-peak is indicative of sp2 hybridized carbon stretching and is constantly present. It 
will also shift and broaden depending on the chemical environment surrounding the 
graphene. For our Raman studies, a Renishaw System 2000 Raman microscope at 
λ= 514 nm using 50X objective lens was used. Samples were prepared by drying 
suspensions on a glass slide. 
 
1.4.2  X-Ray Diffractometer 
XRD analysis indicates the spacing of the stacked sheets, with the smaller peak at 
2θ =26.6 arising from the 0.33 nm graphite stacking and the larger peak at 2θ=10-
13.5 arising from the increased spacing due to the oxidation of the graphene sheets43–
46 A 2D X-Ray Diffractometer (XRD) (Bruker D2 Phaser) with radiation of wavelength 
=1.54 Å was used. The sample was prepared by drop casting a GO and water 




To compare all the XRD patterns of different GO’s and GO fractions, we used the 
ratio r= AGO/( AGO+ AG) where AG is XRD graphite peak area (AG), and AGO is XRD GO 
peak area.25 XRD GO, and G peak areas were calculated using the XRD instrument 
software.   
1.4.3  Electrical Conductivity measurements 
Dried GO films of size 2 cm x 1 cm x 190 μm were fabricated by drop-casting and 
their thickness was measured by a vernier caliper. The electrical conductivity of the 
dried GO film was calculated using a Fluke 25 Multimeter. 
1.4.4  Optical Microscopy 
 Optical Microscopy is used to look at the size distribution of GO sheets. Due to the 
limited resolution available, the defect profile on GO sheets and the exfoliation details 
cannot be seen through this technique. Optical microscopy pictures were taken from 
a Nikon Diaphot Microscope. 
1.4.5  Fourier Transform Infrared Spectroscopy 
The large peak at 3400 cm-1 shows the O-H stretching vibrations in the GO samples. 
C=O stretching vibrations (1720cm-1), C=C stretching vibrations (1580-1630cm-1) in 
the GO plane, and C-O stretching vibrations (1250 cm-1) were identified in the GO 
samples4748. FTIR spectra of GO is done using a Nicolet Magna 560 instrument. 
 
1.4.6  Scanning Probe Microscopy 
One of the benefits of scanning probe microscopy (SPM) is the ability to measure 




the most common method of SPM associated with graphene. AFM requirements for 
scanning, sample preparation, and testing conditions are much more flexible than 
those of SPM techniques. With this method, a cantilever tip scans across an area of 
the sample while a laser measures subtle movement that translates into differences 
in height or attraction. Measurements are taken either in contact mode or tapping 
mode. Contact mode requires that the tip is dragged across the surface of the sample. 
Tapping mode oscillates the cantilever at a set frequency, and any changes detected 
in the oscillation height denote different interactions with the sample. The study of 
graphene through AFM has also revealed that observed height can vary from 0.6nm 
to 1nm depending on the type of substrate used and its interaction with the graphene 
sheets.  
The other type of SPM is surface tunneling microscopy (STM); this technique brings 
a conductive tip in close proximity to the surface of a conductive material to measure 
the voltage difference between the two surfaces. An STM scan of graphite only shows 
three of the six carbons in a hexagonal arrangement.49 This is due to electron density 
differences when the graphene sheets that make up graphite are stacked in an offset 
fashion. However, all six carbons of single layer graphene will be visible in STM scans. 
Additionally, any defects in the atomic structure can be visualized and quantified to 
determine the quality of the graphene. 
1.4.7  X-ray photoelectron spectra (XPS)  
The most commonly used method for elemental analysis of GO material is XPS. 
The instrument we used is PHI model Quantum 2000 spectrometer with scanning 




(l=1486.6 eV) as the radiation source. The spectra were recorded in the fixed analyzer 
transmission mode with pass energies of 187.85 eV and 29.35 eV for recording survey 
and high-resolution spectra, respectively. The thin film samples were pinned to a 
sample stage with a washer and screw then placed in the analysis chamber. The main 
chamber was pumped down to ultrahigh vacuum (1x10-9 torr) before data acquisition. 
Binding energies (BE) were measured for C KLL, C 1s, and O 1s. The XPS spectra 
obtained were analyzed and fitted using CasaXPS software (version 2.3.16). 
Measurements take into account only the top 5nm depth of the samples. Beam 







Chapter 2:  Conversion of graphite to 
graphene oxide 
 
2.1  Introduction 
 
GO will be used as an abbreviation for graphene oxide or graphite oxide throughout 
this dissertation. The chemical oxidation of graphite produces graphite oxide, which 
can then be exfoliated to single or few layered sheets called graphene oxide. These 
two materials are chemically the same, but graphite oxide refers to a stack of graphene 
oxide layers. 
Graphene oxide is a two-dimensional sheet, though it can have topological defects 
due to oxidation and the breakage of sp2 hybridization. These defects dramatically 
alter the properties of GO from its sister compound, graphene. Oxidation turns 
graphite into an insulating material and can double the inter-sheet spacing, depending 
on the reaction and environmental conditions. These property variations are attributed 
to the presence of oxygen functionalities, which cause chemical changes that enable 
GO to be water dispersible. The decreased electrical properties initially resulted in 
fewer applications of GO. However, electrical conductivity increases after reduction of 
GO, resulting in reduced graphene oxide (rGO). Exfoliation and reduction of the GO 
(thermally or chemically) results in a large percentage of oxygen functional groups 




partially return. It is not possible for the rGO sheets to be completely flawless; defects 
are still present due to residual functionalities. These rGO flakes have increased 
conductivities and are no longer dispersible in water, one of the differences between 
GO and rGO. 
2.2  Synthesis, Structure, and Modifications 
2.2.1  Methods of Oxidation 
The modified Hummers’ method is the most popular and commonly used methods 
for the oxidation of graphite. But before discussion of this method, it is important to 
know the history behind GO synthesis. The term graphene oxide came into the picture 
after 2004, but oxidation of graphite existed long before that. In 1859, Benjamin Brodie 
first reported the oxidation of graphite while conducting research at the University of 
Oxford.50 Brodie attempted to determine the molecular weight of carbon and 
determine differences between various graphite sources. His reaction method is 
currently one of the most common ways to produce graphene sheets through 
oxidation and reduction of graphite. There are three basic approaches for the oxidation 
of graphene: Brodie’s synthesis, Staudenmaier’s synthesis51 and Hummers’ 
synthesis,1 developed in 1859, 1898, and 1958, respectively. All three methods use a 
strong acid and a strong oxidizing agent to complete the reaction. A comparison of 
















A typical oxidation reaction involves addition and dispersion of graphite in an acid 
followed by the addition of an oxidizing agent. Due to the exothermic nature of the 
reaction, the flask is constantly stirred while the temperature is controlled by an ice 
bath. In some cases, the reaction is allowed to proceed for up to five days. 
The oxidation process permeates the graphitic structure and adds various oxygen 




increase the interlayer distance. This increased spacing reduces the van der Waals 
forces between layers, thus lowering the energy requirement to exfoliate to single 
layers. Additionally, the presence of oxygen functionalities enhances the hydrophilic 





Figure 2-1. (Top) TEM image of graphene oxide cast from water onto a 
nitrocellulose film with holes. (Bottom) Transparency corresponding to the line 
through top indicating a single graphene layer.53 
 
Hanns-Peter Boehm studied variations in layer spacing of graphite oxide based on 
the swelling medium used and published this study in 1961.53 He showed that at low 
concentrations in 0.01M NaOH, the graphite oxide sheets become completely 




hydrate and showed that it decreased the interlayer spacing of graphite oxide to 
almost to that of graphite. Boehm used an early TEM to study graphene flakes on a 
~100 Å nitrocellulose film and observed that the intensity on the photographic plate 
could be used to determine the thickness of the sheets. Figure 2-1 shows a single 
layer of graphene oxide extracted through this method. X-ray diffraction and 
methylene blue surface area measurements show that the average thickness of the 
sheets is two to three layers. This is widely believed to be the first discovery of single 
layered graphene or at least the first observation of single layer graphene.54 
 
2.2.1  Modified Hummers’ Oxidation 
Unless stated, the oxidation of graphite was performed via a modified Hummers’ 
method throughout this dissertation.1 Twenty-five milliliters of sulfuric acid (Fisher 
Scientific, ACS Plus) and 500 mg of sodium nitrate (Acros Organics, 99%+, ACS 
Reagent) were added to a round bottom flask and stirred until dissolved. One gram of 
natural flake graphite (Asbury Mills, Grades 3243 and 2299) was then added to the 
flask and mixed until dispersed. When graphite is added, the solution turns black with 
a viscosity similar to that of water. Finally, 3 g of potassium permanganate (EM 
Sciences, GR ACS) is slowly added to the reaction flask to avoid overheating the 
system, but quickly enough so that the system does not thicken first. Addition of the 
oxidizing agent initially changes the solution to a dark red, which then rapidly converts 
to dark green color with an increase in viscosity. The solution temperature can rise 
above 80 ˚C, and as the reaction continues past an hour, the temperature begins to 




Once all reagents are combined, the reaction proceeds under constant stirring for 
two hours before it is quenched. In order to study mechanisms for oxidation, sample 
aliquots were taken at specified times after the addition of the oxidizer. The times 
recorded were 0 minutes, 5 min, 10 min, 15 min, 30 min, 1 hour, 2 hours, and 4 hours. 
To quench the reaction, 200 mL of de-ionized (DI) water and 25 mL of hydrogen 
peroxide (Acros Organics, 35 wt. %) were rapidly added to the reaction vessel. Adding 
the water caused the solution temperature to rise with a vigorous effervescence 
caused by the addition of hydrogen peroxide. After the effervescence slowed to a 
minor bubbling, 25 mL of hydrochloric acid (Sigma Aldrich, 37% A.C.S. reagent) was 
added to solubilize residual salts. 
After quenching the solution, it becomes an olive-green color and is filtered through 
a Büchner apparatus and repeatedly washed with DI water. Additional washing 
methods include centrifugation at 4,000 rpm until the supernatant is clear. The 
supernatant is then removed, and fresh DI water is added to resuspend the graphite 
via bath sonication. The process is repeated until the solution attains a pH value above 
6.0. Another method for removal of residual reagents and salts is dialysis of the 
graphite oxide in a Spectra/Por Dialysis Membrane (50,000 molecular weight cutoff) 
and daily water changes. Cleaned graphite samples are then dried, ground into a 
powder, and stored in a vacuum oven to prevent absorption of water.  
 
2.2.2  Structure: Atomistic Simulations and Sketching Models 
The oxidation of graphite is a heterogeneous reaction. As a result, GO structure is 




of oxygen functionalities in the GO plane, researchers have shown a lot of interest in 
its simulation studies to propose various models.55,56,57 Figure 2-2 shows atomistic 
simulations of graphene oxide.55,56 Various spectroscopic techniques have 
demonstrated that epoxide and hydroxyl groups are the two major functional groups 
on the GO basal plane.  
 
 
Figure 2-2. The most stable configurations of GO with epoxide groups only (a), 
hydroxyl groups only (b), and both epoxide and hydroxyl groups (c). Carbon, 
oxygen, and hydrogen atoms are shown in green, blue, and violet, respectively. 
Reprinted with permission from American Chemical Society.55 (d) Schematic to show 
configurations of 1,2-ether and 1,3-ether epoxide groups, respectively. Reprinted 
with permission from American Physical Society.56 
 
Single-layered GO has a thickness of ~7.8 Å when both epoxide and hydroxyl 
groups are placed on the carbon plane. From DFT computations, Boukhvalov and 




epoxides only (Figure 2-2a), second with hydroxyls only (Figure 2-2b), and the third 
one with both epoxide and hydroxyl groups (Figure 2-2c). These studies have found 
that the oxygen functionalities are present on both sides of graphene. Also, the 
hydroxyls are energetically favorable to be attached to neighboring carbon atoms from 
opposite sides of the graphene. Among the three models of GO in question, the third 
model containing both epoxide and hydroxyl groups is more stable than the other two 
with either epoxide or the hydroxyl functional group. 
In 2009, Lahaye et al.56 published a model by analyzing the epoxide in detail. This 
study showed that the presence of 1,3-ether oxygen in GO is not energetically 
favorable as shown in Figure 2-2d. On the other hand, 1,2-ether oxygen is more 
stable. This study further proposes that GO structure with the 1,2-ether oxygen has 
dominated and is closely arranged. However, hydroxyl molecules located on the 
opposite sides of the graphene plane leads to more stability. With a few variations, 
this arrangement repeats along the carbon network of the GO plane and leads to a 
random pattern when the oxidation over a macroscopic region appears. 
To date, a variety of sketching models have been proposed and are summarized in 
Figure 2-3. Over the years many experimental and theoretical studies have been used 
to further understand the structure of graphite oxide, yet no definitive results have 
been proven, and it is still an ongoing field of study.58-59 In 1939, Holst and Hofmann 
proposed a model in which only epoxy groups exist as chemical functionalities on the 
graphite.58 Additionally, these groups attached to neighboring carbons (1,2 ether) had 
no effect on the sheet morphology. These functionalities are randomly attached 




proposed that the sheets were, in fact, not planar, an idea still present in current 
theories.60 He theorized that the sheet was decorated with hydroxyl and 1,3 ether 
functionalities instead of epoxy functionalities. Hofmann et al. modified this structure 
slightly by adding the concept of enol- and keto-type functionalization to explain the 
acid-like properties of GO.61 In 1969, Scholz and Boehm disputed the idea of epoxy 
and ether groups altogether and proposed a structure completely consisting of 
hydroxyl and carbonyl groups.62 Shortly after this, Nakajima and Matsuo proposed a 
similar theory with hydroxyls, except they proposed that the sheets were connected 
into a 3-dimensional network via epoxy linkages.63 
Later, Szabo and Dakeny incorporated the functional groups from both the Ruess 
and Sholz-Boehm models into their model.57 Currently, the most widely accepted 
model is that proposed by Lerf et al. in 1998.59 Using NMR, they assigned shifts to 1,2 
ethers and hydroxyls and proved the existence of these structures on the GO. 
Additional studies have used X-ray photoelectron spectroscopy to identify the 






Figure 2-3. Schematics of various common models of the structure of graphene 
oxide. Reproduced with permission from American Chemical Society.57 
 
Another newly introduced model supports the Lerf model but claims that the number 
of functional groups on the graphene sheets is much lower than previously claimed. 
This work by Rourke et al. claims that instead of being highly oxidized sheets, the 
majority of the graphite oxide has only minor oxidation and that oxidative debris 
interact very strongly to this graphite oxide.65 It is interpreted that these highly oxidized 
debris moieties act as a surfactant to stabilize the non-reacted graphene layers. It is 
also proposed in the study that the oxidative debris is stripped from the surface of the 




regains electrical conductivity (due to low oxidation extent and high delocalization of 
planar electrons) but loses the ability to be dispersed in water.  
All of the previous models of graphite oxide structure investigated a static structure 
for the functional groups, which many believe is incomplete. Current research focuses 
on identifying a dynamic structure, which can interact with its surroundings to form 
functional groups in solution. The most prevalent of these theories is by the Tour 
group. According to this theory, graphene oxide initially consists of epoxy and hydroxyl 
groups, but with prolonged exposure to water, a reaction takes place that cleaves a 
carbon-carbon bond, thus forming a carboxylic acid.66 
In addition to the chemical nature of GO, morphology is another area of current 
research interest. As mentioned before, graphite oxide has an increased interlayer 
spacing, and the sheets have a puckered or wrinkled morphology. Additionally, 
chemical functionalization is not uniform throughout the sheet. This allows for some 
regions of the sheet to retain their sp2 hybridization while other regions are more highly 
reacted and can even have holes in the sheets (see Figure 1-2c). These differences 
in sheet morphologies and surface chemistries drastically vary the majority of pristine 
graphene properties. 
2.2.3  Reduction and Chemical Modification 
Due to the very low conductive nature of GO relative to graphene, it has limited uses 
in industrial applications until after reduction when its electrical properties have been 
partially restored. Reducing GO by thermal and chemical routes is relatively easy to 




Reduction of GO typically happens by removal of hydroxyl and epoxy groups from the 
basal plane, though some mechanisms may additionally remove carboxyl groups.  
Chemical reduction normally involves sonication of GO to exfoliate and disperse it 
in a polar solvent, typically water. A reducing agent is then added to the colloidal 
dispersion of the oxidized flakes. Ruoff et al. were able to show the reduction 
mechanism of GO with hydrazine hydrate at 100 ̊ C.64 The solution turns from a typical 
yellow-brown dispersion of GO to a black precipitate, indicating the loss of the 
stabilizing oxygen functionalities and the return of long-range conjugation. A variety of 
other reducing agents like sodium borohydride,67 ascorbic acid,68 and hydroquinone69 
can also be used to form rGO. 
Schniepp et al. developed a one-step thermal reduction mechanism in which GO 
powder is rapidly heated in an argon environment to 1050 ˚C to remove functional 
groups and exfoliate the sheets simultaneously.70 The use of an inert or reducing 
atmosphere is key because the presence of oxygen during the reduction process 
would cause GO to decompose completely. 
The reduction of GO results in the loss of water dispersibility. A variety of 
mechanisms have been developed to increase the water dispersibility of rGO. One of 
the first methods for suspension in water was achieved by chemical reduction of GO 
in water and poly (sodium 4-styrenesulfonate) (PSS). PSS serves as a surfactant in 
the system with its hydrophobic backbone interacting with the rGO, while its side 
chains serve to stabilize the system in solution.71 Additionally, direct chemical 
modification of the sheet can increase its solubility with only minor loss of properties. 




basal plane of an rGO sheet that resulted in the water dispersibility of the flakes.67 
Stankovich et al. showed the addition of isocyanate functionalities allows for the 
dispersion of GO sheets in organic solvents.72 Functionalization of graphene allows 
for fine-tuning its properties for both specific applications as well as increasing 
processing efficiency. 
2.3  Properties and Applications 
The chemical treatment of graphene also has an effect on the mechanical properties 
of single layer graphene. A single layer of pristine graphene has a reported Young’s 
modulus of 1.0 TPa,8 while the Young’s modulus of GO is reported as 207.6 GPa.73 
The Young’s modulus value for GO is five times less than that of pristine single sheet 
graphene but is approximately the same value as that of steel. This signifies that 
although GO is not as mechanically strong as pristine graphene, it still maintains 
excellent mechanical integrity. 
The presence of various functional groups allows graphene oxide to exhibit a variety 
of interesting customizable mechanical, electronic, and optical properties. The 
electronic properties of a material depend strongly on its chemical and atomic 
structure. Graphene’s sp2 hybridization allows for excellent electron transport 
throughout the sheet. Therefore the presence of sp3 hybridized carbon and other 
functional groups serve as inhibitors to its electronic properties. In general GO sheets 
have been shown to be insulating materials with a band gap in the density of states55 
and a sheet resistance of about 1012 Ω ☐-1 or higher.74 The high resistance correlates 
with an insulating material, as there is no percolation of conductive sites throughout 




conductivities in the order of 1000 Sm-1.75 The ability to control graphene oxidation 
and tailor the electronic properties has been studied theoretically but has not yet been 
performed experimentally.76 
The unique surface chemistry and aspect ratio of GO presents numerous biological 
and stabilizing applications. Unlike carbon nanotubes, which exhibit high cytotoxicity 
due to their one-dimensionality, the two-dimensional sheets of graphene oxide have 
been shown to be much more biocompatible and show only mild to no cytotoxicity 
levels with excellent antibacterial properties.77 The sheets can be modified into drug 
carriers for water-insoluble compounds such as various cancer treatments.78 The 
ability to attach nanoparticles to GO sheets enables these composite materials to 
carry multiple drugs at a time79 or to function as a potential candidate for photothermal 
treatments where nanoparticles can be grown from the sheet and then irradiated with 
a laser.80 
The ability of graphene to be chemically functionalized to either GO or rGO and then 
exfoliated into single layers allows for the materials to be successful as hydrogels,75 
catalysts, and energy sources. In all of these applications, the high specific surface 
area of exfoliated sheets is important, as well as the ability to control the chemistry. 
The large aspect ratio of GO leads to uses in composites and also the formation of 
graphene oxide paper. By filtering a solution of graphene oxide flakes, a self-
supporting paper can be formed. These papers still retain insulating properties but 
provide the ability to use graphene oxide in a bulk fashion where it exhibits a tensile 




A few properties of GO can be improved by its reduction to obtain rGO. Dispersing 
rGO in organic solvents and then casting it as a thin film for use as a transparent 
conducting material has been proposed as a potential organic substitute for Indium 
Tin Oxide (ITO) and other oxide layers. This interest is due to both the expense and 
brittleness of indium. Films made by spin-coating rGO have been reported to exhibit 
a transparency of 87% (sheet resistance = 1.1x104 Ω ☐-1),82 compared to graphene 





Chapter 3:  Fractionation of Graphene 
Oxidation 
 
3.1  Why Fractionation? 
The oxidation of graphite to graphite oxide (GO) is a widely used approach for the 
exfoliation and dispersion of graphitic sheets in water83 with thousands of research 
articles describing research utilizing GO. Despite the enormous amount of attention, 
however, there is currently no routine method for the global characterization or 
fractionation of the highly disperse material produced by the oxidation of graphite. In 
this chapter, we present such a method based on our finding that the degree of 
oxidation of graphene sheets has a direct correlation to their ability to stabilize oil-in-
water emulsions. Inspired by the early work in the polymer field to quantify the 
polydispersity of polymers by fractionation84,85, we introduce a fractionation approach 
to quantify the dispersity found in the degree of oxidation within batches of GO. 
The oxidation of graphite was first reported over 150 years ago by Brodie in an 
attempt to determine the atomic weight of carbon.50 The approach has changed and 
been improved over the years,51,1,3,86,59,57 but the mechanism of oxidation is still an 
active area of research86. Two things are clear about GO however: it is a very 
polydisperse material in terms of the level of oxidation of individual sheets,3,59 and 
every batch of GO has a unique distribution of oxidized sheets.3,57 The oxidation 




potassium permanganate, and produces sheets with a wide range of oxidation levels, 
with some sheets highly oxidized and others having nearly no oxidation. This is 
problematic, as different synthetic approaches, and even the same approach but with 
different batches, can give GO with very different extents of oxidation, and thus 
different properties, making the characterization of the batches a critical need for GO-
based research. The availability of more uniform and better characterized GO would 
be of great utility for controlling the chemical, physical, electrical, and thermal 
properties of GO and accelerating the pace of GO utilization in medical devices87, 
nanoelectronics88, electromechanical systems89, sensors13, composites90, catalysis91, 
energy storage devices92, and optics24. 
Currently, the characterization of GO batches is done by methods that look at 
individual sheets, such as AFM or electron microscopy, that require time-consuming 
and tedious work to obtain any global data, or by methods that give an overall average 
of the batch. Although knowing the overall average degree of oxidation is useful, it 
does not give any information as to how the oxidation is distributed: is the GO batch 
composed of a few highly oxidized sheets or do all the sheets have roughly the same 
level of oxidation? The answer to that question has a significant impact on 
understanding the properties of devices and materials made with that batch of GO. 
3.2  Fractionation of Graphene Oxide 
3.2.1  Fractionation Procedure 
For a typical procedure, 20 mg of GO was added to 5 ml of DI water in a 20 ml 




the GO was dispersed, and the suspension appeared black. Next, 5 ml of chloroform 
was added to the suspension. This GO in a chloroform/water system was then mixed 
for 1 minute using a Kinematica Brinkmann Polytron Homogenizer mixer (Model PT 
10-35), leading to the formation of a stable emulsion. As the oil phase is chloroform, 
with a density greater than water, the spheres were seen at the bottom of the vial 
(GOe fraction). The top region (containing GOw) consisted of a uniformly black 
water/GO suspension. Other organic solvents, such as heptane and benzene, form 
water and emulsion phases as well, but the emulsion phase is the top layer in those 
cases.25 
3.2.2  Nomenclature of GO fractions 
The nomenclature used is as follows: the region the fraction is taken from (w for 
water and e for emulsion) is used following the GO to denote the route from the original 
GO to the current fraction. For instance, if GO is fractionated by separating the water 
and emulsion phases, the material obtained from the water phase is denoted GOw 
and the material isolated from the emulsion phase is denoted GOe. If the GOe material 
is then fractioned, the sample from the water phase is GOew, and the sample fom the 
emulsion phase is GOee. 
3.2.3  Characterization of GO fractions 
Before starting characterization, the following are details about GO materials other 
than Modified Hummers’ GO samples that will be used for experiments. 
CabGO.  Sample preparation is proprietary. 
Improved GO3. A 9:1 mixture of H2SO4/H3PO4 (360:40 mL) was added to a mixture 




KMnO4. After 15 min of stirring, the reaction was heated to 50 °C and stirred for an 
additional 12 h. The reaction was allowed to cool to room temperature and poured 
onto 400 mL ice and 3.0 mL 30 % H2O2. The filtrate was centrifuged (5000 rpm for 3 
hrs), and the supernatant was decanted off. The remaining solid material was then 
washed in succession with 200 mL of water, 200 mL of concentrated HCl, and two 
additional centrifugations, removing the supernatant each time. The final pH was 
observed to be 6.5. The solid obtained on the filter was vacuum-dried overnight at 
room temperature. 
We have previously found that pristine (never oxidized) graphene sheets behave as 
two-dimensional surfactants in stabilizing the high energy interface between 
immiscible oil and water phases to form water-in-oil emulsions.93,94 Likewise, when 
GO is agitated in a water/oil mixture, we and others95 have found that oil-in-water 
emulsions can be stabilized. However, we also find that the more intact, less oxidized 
sheets in the GO batch are better at stabilizing the interface and give rise to a stable 
emulsion phase, while the more oxidized sheets partition to the water phase. 
Separating these two phases fractionates the GO into a more and a less oxidized 
sheet population. Such an emulsion, with an upper water phase and lower emulsion 
phase, is shown in Figure 3-1a. Although oil phases such as heptane and toluene also 
give rise to emulsions, having the emulsion as the lower phase is advantageous for 






Figure 3-1. (a) Image of fractionated GO. The upper phase contains GO 
suspended in water (GOw) and the lower region contains GO at the interface of a 
chloroform-in-water emulsion (GOe). (b) Overlaid XRD spectra of the original GO 
sample (black), the GOw from the water phase (blue), and GOe from the emulsion 
phase (red). 
 
After forming two phases the water phase, termed the GOw phase, is separated 
from the emulsion phase, termed the GOe phase, and both are analyzed. Figure 3-1b 
compares the XRD spectra of the original GO and the GOw and GOe fractions. XRD 
analysis indicates the spacing of the stacked sheets, with the smaller peak at 2θ =26.6 
arising from the 0.33 nm graphite stacking and the larger peak at 2θ=10-13.5 arising 
from the increased spacing due to the oxidation of the graphene sheets43–46 To 
quantify the observed differences, we use the area of the peak assigned to graphite 
stacking, AG, and the area of the peak assigned to GO stacking, AGO, to calculate the 





Table 3-1. Experimental results for Orginal GO and its different fractions. The 
Original GO is the graphene oxide sample from which other GO fractions are 
isolated using fractionation process. 
 
 
We find the value of r decreases in the order of GOw > GO > GOe, indicating an 
increasing fraction of graphitic spacing in the samples going from water-soluble 
fractions to original material to emulsion fraction. Table 3-1 shows the values, as well 
as the value for GOeee, a sample in which the emulsion fraction was fractionated two 
additional times. The closeness of the value of r for GOeee to 1 indicates that the 
fraction contains very little material that shows GO spacing. 
XRD, however, does not directly measure the extent of oxidation. For that, elemental 
analysis of the fractions was obtained, and the results are shown in the second column 
of Table 3-1. The ratio of carbon to oxygen is observed to directly correlate with the 
trend seen by XRD, with the C/O ratio increasing from GOw to GO to GOe to GOeee. 
This same trend is also observed in measurements of the electrical conductance of 




least conductance. This is to be expected, as oxidation is known to disrupt the 
conjugation in graphene responsible for electrical conductivity.96 
 
 
Figure 3-2. (a) Overlaid Raman spectra of GO (black), GOw (blue), and GOe (red) 
showing the G and D peaks. (b) Overlaid FTIR spectra of GO (black), GOw (blue), 
and GOe (red) highlighting changes in relative intensities of peaks at 1580 cm−1 
(sp2-hybridized C=C), 1620 cm−1 (ketone C=O), and 1730 cm−1 (carboxyl C=O).
 
This disruption can be seen as well by Raman spectroscopy, where the ratio of the 
D and G peaks is often used as an indication of the degree of conjugation in 
graphene.97 The Raman spectra of GO contains G and D peaks where the G peak at 
~1580 cm-1 is the result of bond stretching of sp2 hybridized carbons and the D peak 
at ~1340 cm-1 is the result of defects in the graphene sheets.39,93 These defects 
correspond to disorder in the sample that can be a result of oxygenated functionalities 




a trend from less ordered to more ordered moving from GOw to GO to GOe. This is 
the same trend observed for the XRD, elemental analysis and conductivity studies.  
 
Figure 3-3. (a) Schematic illustration of stepwise GO fractionation and 
nomenclature. (b) XRD spectra of original GO, GOww and GOeee fractions showing 
the substantial increase of material displaying pristine graphite spacing with multiple 
emulsion fractions. All samples originated from the same batch of GO. 
 
These results indicate that the GOw fraction contains the more highly oxidized 
material, and the GOe contains more lightly oxidized material. The GOe has some 
degree of oxidation, however, as indicated by the aforementioned analysis as well as 
from the observation that the emulsions are oil-in-water, while pristine graphene forms 
water-in-oil emulsions. The hydrophilicity imparted by the low level of oxygen 
functional groups is enough to flip the emulsion with respect to pristine graphene. 
Additionally, Appendix (Figure 10-1) shows the FTIR spectra of the three GO samples 
and fractions in question. To simplify and quantify the characterization of GO fractions, 




and 1730 cm−1 (carboxyl C=O) as shown in Figure 3-2b.3,47 FTIR analysis shows that 
the chemical differences in different fractions exist as well. In the order of GOw to GO 
to GOe, the peak at 1620 cm-1 (ketone C=O) loses intensity relative to the peak at 
1580 cm-1 (sp2-hybridized C=C). This shows how oxidation functional group changes 
are taking place at the molecular level. 
3.3  Need for universal characterization 
3.3.1  Differences between look-alike 
Like the fractionation of polymers done in the early days of polymer science, it is 
possible to fractionate the fractions of GO. Figure 3-3a shows a general outline of the 
multiple fractionations. Comparing the XRD of triply and doubly fractionated materials 
with GO in Figure 3-3b shows a much greater difference in the XRD r values than is 
seen after a single fractionation. In decreasing order of graphitic content by XRD we 
find Geee, > GOe > GO > GOw > GOww. This trend shows the emulsion fraction 
always prefers the less oxidized, or more graphitic, population of the available GO in 
the system. Again, like for the fractionation of polymers, this fractionation can be 
repeated as many times as desired to create fractions with ever narrower distributions 
of oxidation levels. In addition to allowing the formation of less dispersed samples of 
GO, fractionation can also be used to characterize batches of GO produced by 
different synthetic approaches. As an example, we compare three different GO 
batches: one synthesized via a standard Hummers method,1 one by a recently 
introduced improved GO method (IGO)3 and one sample (CabGO) obtained from 






Figure 3-4. (a) XRD patterns of Hummers GO and its emulsion fractions, (b) XRD 
patterns of Improved GO (IGO) and its emulsion fractions, and (c) XRD patterns of CabGO 
(CGO) and its emulsion fractions. 
 
Shown in Figure 3-4 are the XRD spectra of each GO type, with the lower black 
curve being from the unfractionated. They initially appear similar, with a prominent 
peak arising from oxidized material, and no visible graphitic peak. However, after a 
single fractionation, there is a clear difference. The GOe and GOee fractions of the 
Hummers GO, Figure 3-4a, show a clear increase in the area of the graphitic peak, 
indicating a significant population of material with pristine graphite stacking. Figure 
3-4b shows that the IGO material contains no significant graphitic peak in the GOe 
fraction and only a very small graphitic peak in GOee fraction, indicating that the less 
oxidized material contains only trace amounts of the original stacking. Lastly, in Figure 





3.3.2  Instruments and techniques 
X-Ray Diffraction- A 2D X-Ray Diffractometer (XRD) (Bruker D2 Phaser) with 
radiation of wavelength =1.54 Å was used. The sample was prepared by drop casting 
GO water suspension onto a glass slide. To compare all the XRD patterns of different 
GO’s and GO fractions, we used the ratio r = AGO/( AGO+ AG) where AG is XRD graphite 
peak area (AG), and AGO is XRD GO peak area. XRD GO, and G peak areas were 
calculated using the XRD instrument software.   
Raman Spectroscopy- A Renishaw System 2000 Raman microscope at λ= 514 nm 
using 50X objective lens was used. Samples were prepared by drying suspensions 
on a glass slide. 
Elemental Analysis- Elemental analysis experiments were performed by Galbraith 
Laboratories, Inc. Samples were dried overnight before the experiments.  
Electrical Conductivity measurements- Dried GO films of size 2 cm x 1 cm x 190 μm 
were fabricated by drop-casting and their thickness was measured by a vernier 
caliper. Electrical conductivity of dried GO film was calculated using a FLUKE 25 
Multimeter. 
Optical Microscopy- Emulsion phase pictures were taken from Nikon Diaphot 
Microscope. 
Fourier Transform Infrared Spectroscopy- Figure S4 shows the FTIR spectra of 
three GO samples (GO, GOe and GOw) using a Nicolet Magna 560 instrument. The 
large peak at 3400 cm-1 shows the O-H stretching vibrations in the GO samples. C=O 
stretching vibrations (1720cm-1), C=C stretching vibrations (1580-1630cm-1) in the GO 




3.4  Different Features of Fractionation 
3.4.1  Emulsion region analysis. 
Optical microscope images of spheres in the emulsion system (containing water as 
the continuous phase) were observed by putting the spheres on a glass slide as shown 
in  
Figure 3-5. The size distribution of these emulsion spheres was found to be from 
40-400 μm.  
 
Figure 3-5. Optical microscopic pictures of emulsion region spheres as observed 
on a glass slide. Spheres were observed in a dilute continuous water phase (left) 
and concentrated continuous water phase (right). 
 
Energy dispersive X-ray spectroscopy (EDX) analysis of GO fractions- EDX of GOe 
and GOw fractions are shown in Figure 3-6 and demonstrate the presence of salt 
impurities in the GO samples. As expected, GOw fractions contain more impurities 







Figure 3-6. EDX of water region (top) and emulsion region (bottom) GO fractions.  
 
Stable Emulsion Formation and Settling- After mixing GO with chloroform and water, 
the emulsion region volume was observed to change with time, with a stable emulsion 
region was attained after a few minutes. Appendix (Figure 10-2) shows a plot of the 
sphere region volume versus time, showing that after about 5 minutes the sphere 
region volume becomes stable. Fractions were collected only after achieving this 5-
minute steady state condition. 
To see the effect of changing solvents, toluene and dichloromethane were 
compared to chloroform. Table 3-2 shows that changing solvents changed the size of 
the emulsion regions and changed the oxidation extent of GO sheets in the GOe 
fraction. Thus the fractionation method, if used for characterization, depends to some 
extent on the organic solvent chosen. As stated previously, we used chloroform for all 





Table 3-2. Different GO fractions obtained by using different solvents with water 
 
So far, the main focus of our fractionation studies has been to obtain GO fractions 
with lower extents of oxidation. This was done by collecting emulsion region GO 
fraction (e.g. GOe, or GOee) and fractionating it again. As shown in Appendix (Figure 
10-3), fractionation can also be used to obtain highly oxidized GO. The more fractions 
obtained from the water phase, the more oxidized is the product, i.e., GOwww is more 
oxidized than GOw. 
3.5  Conclusion 
The fractionation of GO results from the less oxidized material’s ability to stabilize 
oil-in-water emulsions preferentially to more oxidized material and allows for the 
preparation of narrowly defined samples. These studies demonstrate the utility of the 
fractionation method, as originally all three samples appeared the same but were 




with each of these samples would be expected to provide very different results, yet 
common methods for GO analysis would indicate no differences in the GO. 
Repeated fractionations were shown to increase the enrichment of GO fractions in 
either higher or lower levels of oxidized material, and this enrichment was shown by 
XRD, Raman spectroscopy, FTIR, and elemental analysis; all analytical techniques 
commonly used for GO. We have also demonstrated that important physical 
properties, such as electrical conductivity, are directly correlated with the degree of 
oxidation in each fraction.98 It is anticipated that this approach will lead to more 
reproducible results in GO material research and enable a more fundamental 





Chapter 4:  Distribution of Oxidation of 
Graphene Oxide Flakes 
 
4.1  Oxidation distribution  
 
4.1.1  Introduction 
 
Researchers routinely use graphene oxide (GO) for a number of applications without 
knowing the dispersity of oxidation (DO) within a GO sample or the effect of DO 
variations on the performance of various GO based application.99-107 GO synthesis, 
done using the same or different methods, leads to variation in oxidation,25,108,109 but 
the distribution of oxidation of GO within a given sample has never been calculated. 
We use GO fractionation and classical statistical methods to calculate DO values for 
a GO sample and show that the changes in GO synthesis methods give rise to 
different DO numbers. Going further, our experimental results reveal a significant 
improvement in performance of GO-based applications in (but not limited to) 
mechanical, optical, electronic, sensor, biomedical areas for low or high DO and XRD 
r values of GO. These findings will help thousands of research and industrial facilities 
improve the performance of their materials by informing their choice of DO and 




Graphene and Graphene oxide are household names in the material research 
community, possessing excellent material properties and large abundance. Each 
year, 1000’s (and the number is increasing) of articles52 mention and discuss new 
properties and applications replacing other expensive, less abundant, and relatively 
low performing materials.110,111 Researchers in academia and industry still use 
graphene oxide without keeping in mind the graphene oxide’s non-uniform oxidation 
distribution. A reliable standard experimental method to qualitatively observe or 
quantitatively calculate this dispersity of oxidation is not available, and so the effect of 
degree and dispersity of oxidation of hundreds of different applications of GO is 
unknown. 
As already been discussed, the XRD r value is a function of the area of GO and G 
peaks in XRD. This is an indirect measure of GO interlayer distance relative to the G 
interlayer distance and not the oxidation. We are taking inspiration from other scientific 
techniques which use indirect measurement to calculate a parameter, e.g., GPC is 
used to calculate the molecular weight (MW) and polydispersity of a polymer. GPC 
never calculates MW directly but through the hydrodynamic radius of the polymer 
chain by fractionating it. Despite a vast difference between the actual parameters 
calculated (radius depending upon factors like solvent) and the final parameter (MW), 
GPC is widely used due to the ease of doing the experiment and clear method of 
quantification.  
Using statistical tools with this method, we find wi , the weight of different GO 
fractions (with different oxidation degree), corresponding to their oxidation extent, ri. 




of polydispersity of oxidation (DO number) of a given GO sample and open the gates 
to a consistent and better performance of GO in different applications without 
changing other variables e DO number for a given GO sample. 
4.2  Calculation of dispersity of oxidation 
4.2.1  Choice of GO fractions 
Figure 4-1 shows the fractionation process chosen for the statistical studies to 
calculate the dispersity of oxidation values for the GO samples. The final GO fractions 




Figure 4-1. Scheme illustrating the method to obtain GO fractions to be used for 





It is seen that a major portion of oxidized GO comes out in the GOw fraction (mostly 
highly oxidized sheets)25 which is a relatively uniform oxidized material and further 
fractionation of GOw will not result in a broad range of XRD r ratios. On the other hand, 
fractionation of GOe (not oxidized completely) results in fractions (GOeee, GOeew, 
and GOew) that fall in broad range of XRD r ratios. This specific combination of GO 
fractions (GOw, GOew, GOeew, and GOeee) is chosen for calculation of dispersity of 
oxidation because they are easier to obtain, they represent the distribution of oxidation 
of GO in a broad oxidation range, and they are helpful in distinguishing two different 
given samples quantitatively and qualitatively. 
 
4.2.2  Experimental conditions 
The oil/water GO system used an oil to water ratio of 50/50 by volume with a GO 
concentration of 2 mg/ml. The experiment was carried out using 10 ml water and 10 
ml chloroform. The three constituents were mixed for a minute manually, and then 
various factions were obtained as illustrated in Figure 4-1. The XRD r value and weight 
fraction of the obtained GO fractions were then calculated. To avoid confusion, it is 
important to note that the word ‘fraction’ is used in two references here, one denotes 
the GO fraction(a) (concrete noun, usually followed by ‘GO’, e.g. GOe and GOw are 
GO fractions(a)) obtained from fractionation process, and the other denotes weight 
fraction(b) (abstract noun, usually followed by ‘weight’, mathematically showing the 
proportion of weight compared to the whole GO material, e.g. weight fraction(b) of GOe 
is 0.40). For the ith GO fraction(a), the weight fraction(b) is wi and XRD r value is ri. For 




which are different in terms of oxidation, are chosen for this experiment. XRD 
diffraction patterns of GO1, GO2, and GO3 are shown in Figure 4-2. GO1 and GO2 
are obtained from Modified Hummers oxidation1 for 1 hour and 2-hour oxidation 
respectively while GO3 is obtained by IGO method3 where the oxidation reaction took 
place for 12 hours. Clearly, there is a difference in terms of graphitic content of these 
samples as indicated by the relative intensity of G peak at 27o 2θ-value. 
 
Figure 4-2. XRD diffraction patterns for GO1, GO2 and GO3. GO1 and GO2 are 
obtained from Modified Hummers oxidation for 1 hour and 2 hours oxidation 
respectively. GO3 is obtained by IGO method where the oxidation reaction took 





In Figure 4-3, wi is plotted against ri. It is clear from the plots that more oxidation 
leads to less dispersity of oxidation as depicted by the comparison of the spread of 
points in Figure 4-3a, Figure 4-3b and Figure 4-3c corresponding to GO1, GO2, and 
GO3 respectively.  
4.2.3  Weight fractions versus XRD r value plots 
 
Figure 4-3. Plots comparing weight fraction of GO fractions vs. their corresponding 
XRD derived r-values obtained from a) GO oxidized by hummers method for 1 hour 






It should be noted that we have chosen three different kinds of GO samples in Figure 
4-3 to cover the most common GO oxidation spectrum used nowadays. Although the 
nature of w vs. r curve can be different from the three GO examples used here 
depending upon the material’s distribution of oxidation and should not be limited to 
what is shown in this study.  
Numbered mean (Rn) and weighted mean (Rw) of XRD r value are calculated using 
the following equations.  
 
 
Further, the ratio of Rw and Rn is referred as DO’.  
 
DO’ is then numerically modified to obtain the dispersity of oxidation number (DO) 
of a GO sample as shown in the following equation. 
 
Table 4-1 shows the oxidation methods for GO1, GO2 and GO3 and their respective 
DO values calculated from the wi vs ri data. There is a difference between the 
dispersity of oxidation in case of Hummers reaction for 1 hour and 2 hours. Oxidation 




to DO=1.7637. Further, the improved GO synthesis method3 with 12 hours of reaction 
time in different reaction environment than Hummers’ gives rise to a GO material that 
is near to monodisperse with a value of 1.0089. Relatively this value is much lower 
than that of GO1, and GO2 clearly indicates a GO material with a large oxidation 
dispersity.  
 
Table 4-1. Table mentioning the dispersity of oxidation (DO) for three given GO 
batches has been calculated. GO1 and GO2 are oxidized using Modified Hummers’ 
method, and GO3 is oxidized via the IGO Method. 
 
 
In order to understand the DO number better, a study to compare graphite and GO 
DO numbers can be done. Since Rw will always be greater or equal compared to Rn, 
the minimum theoretical value of DO’ is 1. Due to this, a minimum possible value for 
DO is where all the ri values obtained are the same.85,112 It is noted here that the r 
value provides the degree of oxidation that depends upon how much the GO is 
oxidized. So, there is a huge difference between graphite and GO3 where the r value 
for graphite with no GO peak is 0 and r value for GO3 appears to be near to 1. 
However, DO value does not indicate oxidation of GO sheets, but it shows how widely 




and GO3 is 1. In other words, graphite is monodisperse in terms of oxidation; however 
its oxidation is nearly zero. GO3 has a DO number close to 1 which is closer to 
graphite DO value than GO1 and GO2.  
4.3  Factors affecting DO value 
Large variations in temperature can change the surface tension of the solvents. This 
changes the emulsion formation and GO fractionation system, i.e., different weights 
of GO fractions are obtained at large temperature differences. This is why all the 
measurements are carried out at near 20 °C. Concentrations of the aqueous or organic 
phase of the emulsion system can change the volume of the final emulsion region and 
hence affect the GO fractions obtained.  
Figure 4-4 shows that the emulsion becomes stable as the pH of the fractionation 
system increases from 3 to 8. The emulsions did not form beyond pH= 8 with the given 
concentration of GO, water, and chloroform. All the fractionation experiments were 
carried out at pH= 6. Thus control over pH is required to be sure of the consistency in 
the process to obtain GO fractions. An inconsistent weight or r-value data due to 






Figure 4-4. Investigation of the pH effect on emulsion formation. Increasing pH 
decreases the volume of the emulsion (lower phase). The number indicates pH of 
the vial constituents. 
4.4  Statistical analysis  
The DO findings can be statistically analyzed. In order to do that, we have analyzed 
4-point data (referring to 4 fractions) for the DO calculation. Later, the accuracy of this 
4-point data is analyzed by comparing it with 8-point data obtained for the same 
sample and by using identical method. In order to analyze both extremes of 
polydispersity (DO) we have chosen GO1 (x1 vs. y1) and GO3 (x2 vs. y2) samples. 
4.4.1  Analysis of GO1 
More data provides better accuracy in DO calculation, however, collecting 8-point 
data rather than 4-point data from GO fractionation experiment is more work. To see 
if the extra work is necessary, we gather results for our r value vs. weight fraction for 




variables ‘x’ and ‘y’. The variable ‘x’ refers to the r value for a fraction and y refers to 
the weight fraction of that fraction. 
 
Table 4-2. r value versus weight fraction 4-point data for GO1 sample. 
 
 
Although we only have 4 data points, one can see an exponential relationship. We 
will now try to find a model which will best describe this relationship. Next we analyze 
three different relationships namely, linear, quadratic, and exponential and find out the 
best fitting distribution. Following is the analysis: 






Estimate    Std. Error   t value  Pr(>|t|) 
(Intercept)    -0.4643       0.4588     -1.012    0.418 
x               0.8661       0.5500      1.575    0.256 
 
Multiple R-squared:  0.5536, Adjusted R-squared:  0.3304 
 
Quadratic association:     𝒚 = 𝒂 + 𝒃𝒙 + 𝒄𝒙𝟐 
 
Coefficients: 
Estimate   Std. Error   t value   Pr(>|t|) 
(Intercept)    0.926       6.118       0.151     0.904 
X             -2.857       16.315     -0.175     0.890 
x2             2.415       10.570      0.228     0.857 
 
Multiple R-squared:  0.5757, Adjusted R-squared:  -0.2729 
 
Y= 0.926 -2.857x + 2.415x2 
Exponential association:     𝒚 = 𝒂𝒃𝒙 
Coefficients: 




(Intercept)    -5.215      1.353       -3.853     0.0612 
x               4.419      1.622        2.724     0.1125 
Multiple R-squared:  0.7877, Adjusted R-squared:  0.6815 
 
Table 4-3. r value versus weight fraction 8-point data for GO1 sample. Actual 
weight fraction (y1) is calculated experimentally and extrapolated weight fraction 
(y1’) is calculated from the exponential model obtained from 4-point data. 
 
 
On analyzing the above models, one can compare the 𝑅  (coefficient of 
determination) or the adjusted 𝑅  values for each model. The exponential association 
proves to be the best, giving a very high 𝑅  value. The model, or the distribution 
connecting x and y, is thus found to be: 




The question now is that whether it is possible to extend this model and extrapolate 
it to a higher magnitude? In order to corroborate further, we now extend our discussion 
to 8-point data. The 8-point data results from the same sample GO1 but for 8 different 
fractions. Table 4-3 shows the extrapolated weight fraction (y1’) that is calculated from 
the exponential model obtained from 4-point data. 
One can again sense an exponential relationship between the two variables. If we 
analyze the exponential model, the following are the results: 
Coefficients: 
             Estimate   Std. Error   t value    Pr(>|t|)    
(Intercept)   -5.937      1.148      -5.170     0.00207 ** 
     x              4.246      1.321       3.214     0.01828 *  
Multiple R-squared:  0.6326, Adjusted R-squared:  0.5713  
The 𝑅  value is again medium to high, confirming a decent fit.  
Our last step is to extrapolate the weight fractions with the 8-point data using the 
model from the 4-point data and comparing them with the available 8-point weight 
fractions. Table 4-3 the shows the extrapolated y1’ values.  
All the values are closer and there doesn’t seem to be a significant error when 
comparing y values in Table 4-3. The correlation between the two sets of values is 
0.68 which is medium to high.113,114 We can also check for “equality of means” 
between the two groups using a “Mann-Whitney U Test”.115 This is useful since it 
doesn’t assume any form of a distribution and is non-parametric. The hypotheses are: 




A Mann-Whitney U Test gives a p-value of 0.0104 which suggests that one should 
accept the null hypothesis at 1% level. This supports the fact that, statistically, the two 
sets of data are significantly close and comparable at 1% level, suggesting that if one 
uses the model described above to extend the results to any number of points further, 
it should produce good results. 
4.4.2  Analysis of GO3 
 
Similar to the case of GO1 (x1 vs. x2), Table 4-4 shows the 4-point data of GO3 (x2 
vs. y2).  
 
Table 4-4. r value versus weight fraction 4-point data for GO2 sample. 
 
Although we only have 4 data points, one can clearly see an exponential relationship 
between the two. We will now try to find a model which will best describe this 
relationship. We analyze three different relationships namely, linear, quadratic and 




Linear association:     𝒚 = 𝒂 + 𝒃𝒙 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|) 
(Intercept)   -8.861      3.271  -2.709    0.114 
     x              9.246      3.319   2.786    0.108 
Multiple R-squared:  0.7951, Adjusted R-squared:  0.6927  
Quadratic association:     𝒚 = 𝒂 + 𝒃𝒙 + 𝒄𝒙𝟐 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|) 
(Intercept)    431.8      257.7   1.675    0.343 
 x             -890.8      526.4  -1.692    0.340 
x2             459.5      268.7   1.710    0.337 
Multiple R-squared:  0.9478, Adjusted R-squared:  0.8434  
Exponential association:     𝒚 = 𝒂𝒃𝒙 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)   
(Intercept)  -52.223      5.894  -8.860   0.0125 
     x             51.347      5.981   8.585   0.0133 
Multiple R-squared:  0.9736, Adjusted R-squared:  0.9604 
On analyzing the above models, one can compare the 𝑅  (coefficient of 




association proves to be the best giving a very high 𝑅  value. The model or the 
distribution connecting x and y is thus: 
𝐥𝐨𝐠(𝒚) = −𝟓𝟐. 𝟐𝟐𝟑 + 𝟓𝟏. 𝟑𝟒𝟕𝒙. 
Similar to the GO1 analysis, we further use 8-point data results as shown in Table 
4-5 to look into GO3. 
 
Table 4-5. r value versus weight fraction 8-point data for GO3 sample. Actual 
weight fraction (y2) is calculated experimentally and extrapolated weight fraction 
(y2’) is calculated from the exponential model obtained from 4-point data. 
 
Analyzing the exponential model, we find the following results: 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)   -39.39       5.13  -7.678 0.000255 
     x              37.83       5.24   7.219 0.000358 
Multiple R-squared:  0.8968, Adjusted R-squared:  0.8796. 




Our last step is to extrapolate the weight fractions with an 8-point data set using the 
model from the 4-point data and comparing them with the available 8-point weight 
fractions data as shown in Table 4-5. All the values seem to be close across the board, 
and there doesn’t seem to be a significant error. The correlation between the two sets 
of values is 0.93, which is also very high.113,114 
We also check for “equality of means” between the two groups using a “Mann-
Whitney U Test”.115 This is useful since it doesn’t assume any form of a distribution 
and is non-parametric.  
The hypotheses are: 
H0: The two means are equal. Ha: The two means are not equal 
A Mann-Whitney U Test gave a p-value of 0.2786 which suggests that one should 
accept the null hypothesis even at 10% level. This supports the fact that, statistically, 
the two sets of data are closer but at the same time, higher GO oxidation distribution 
in GO3 rose this level to 10% than 1% in case of GO1. 
This suggests that if one uses the model described above to extend their results to 
any number of points further, it should produce accurate results. 
 
4.4.3  Statistical analysis conclusion 
 
Table 4-6 shows the summary of the statistical analysis. GO fractionation is done to 
produce 4 fractions in first set and 8 fractions in second set to look into the distribution 
of oxidation. Data obtained from 8 GO fractions is much closer to the obtained 




chosen for this statistical study because these are the two extreme samples available 
on the basis of distribution of oxidation (DO) values. Various statistical models (linear, 
quadratic, and exponential) are analyzed corresponding 4-point data for GO1 and 
GO3. GO fractions seem to follow an exponential association among the three 
methods applied due to very high multiple and adjusted R2 values. R2 values of 
exponential model for 8-point data are also found to be better than other two models.  
 
Table 4-6. Various DO models & Statistical analysis for two graphene oxide 
samples GO1 and GO3. Different statistical models used 4-point data unless 
specified as 8-point data. 
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0.2786 Quadratic 0.9478 0.8434 






Further, this exponential model is then used to get the model wi values (obtained 
from proposed exponential model and not the experimental data) as shown in Table 
4-3 and Table 4-5. Correlation for 8-point experimental data and 4-point exponential 
model data is calculated to be 0.68 (medium to high) for GO1 and 0.93 (very high) for 




cases.113,114 To test the effect of DO values on extrapolation, a Mann-Whitney U Test 
was done.115 Due to its higher p-value, GO3 with low DO (1.0089) will have very small 
errors when extrapolated using the suggested model as compared to GO3 having 





Chapter 5:  Properties and Applications of 
GO Fractions 
 
5.1  Hydrophilicity Control with Fractionation 
Surface characteristics are one of the most important properties of graphene oxide. 
These sheets are generally hydrophilic in nature due to the presence of oxygen 
functional groups. The most significant method to determine the hydrophilicity and 
surface roughness of the GO sheets is through contact angle measurements. The 
picture of the water droplet allows for the determination of contact angle as shown in 
Appendix (Figure 10-4) where the substrate is the GO film on a glass slide. The 
measurement shows the solid-liquid interaction between GO and water.116 The 
variations in contact angle values due to the roughness of the film are accounted for 
by multiple experiments and eventually through the error bars in the results. 
Figure 5-1 shows the contact angles for different GO fractions. GO (org) is the 
original GO that was used to produce other GO fractions, i.e., GOw, GOew, and 
GOee. The fraction obtained from water region (GOw) shows a significant loss in 
contact angle value due to the presence of a relatively larger number density of oxygen 
functionalities. GOee shows increased value of the contact angle. Interestingly GOew 
shows a value which is in between GO and GOee. It is important to note the error bar 
that signifies the presence of graphene oxide sheets that are varied in terms of the 




fractionation of GOe, i.e., it is obtained from both emulsion and water phases of the 
two-step fractionation process. In other words, the distribution of oxidation on these 
sheets appears to be more than that of the other GO fractions because of the 
involvement of the two phases of fractionation. Appendix (Figure 10-5) shows the 
variation in the contact angle with different oxidation methods, i.e., by Modified 
Hummers’1 and Improved Graphene Oxide (IGO)3 synthesis methods. It shows a vast 
difference between the two contact angles where IGO appears to have a very low 
value of contact angle due to the large oxidation time of 12 hours. 
 
Figure 5-1. Contact angle values for different GO fraction samples starting from 




























5.2  Optical Properties of Graphene Oxide Films 
In order to look into the optical properties of GO and its fractions, films were formed 
on a glass substrate. The process was started from film fabrication on a glass slide 
using GO, GOw, GOee, and GOew fractions. The first batch of films formed with 
0.12mg/cm2 surface density of GO and named as film-t. The second batch formed with 
double the surface density of GO (0.24mg/cm2) is named as film-2t. Film-MW-2t is 
obtained from microwave reduction117 of film-2t for 2 minutes.  
 
Figure 5-2. Transmittance (%) of light (wavelength, λ= 550nm) for GO fractions 
coated on a glass slide. 
 
As shown in Figure 5-2 and Table 5-1, transmittance (%) is calculated for all the GO 
films. As a reference, wavelength value that is generally considered for transmittance 




10-6) is used to calculate the transmittance (%) of film-2t by referring to the 
corresponding values at λ= 550nm.  
 
Table 5-1. Average values of transmittance of light (wavelength, λ= 550nm) for 
different GO films formed from different GO fractions. The surface density of GO on 
films named as film-t, and film-2t (thickness twice of film-t), are 0.12mg/cm2 and 
0.24mg/cm2 respectively. MW-2t is the microwave-reduced film-2t. Glass is the 
substrate for all GO films. 
 
 
No significant effect is observed on doubling the surface density of GO to form film-
2t as shown in Figure 5-2. However, microwave reduction affects the GO fractions 
differently. The change in transmittance of GOw-film-2t after microwave reduction is 
three times the change in that of GO-film-2t. There is more effect of microwave 
reduction on the water region GO fractions than that of emulsion GO fractions, which 
is around 1-1.5%. This phenomenon is partly attributed to the fact that there are more 
oxygen functionalities in GOw than in emulsion region fractions (GOee and GOew). 




to the difference in the nature of functional groups in between the water region (GOw) 
and emulsion region GO fractions.99,74,119 GOw has the lowest degree of conjugation, 
and GOe has the highest among GOw, GO, and GOe.  
Appendix (Figure 10-7) shows the thickness distribution of GO films made from 
0.24mg/cm2 surface density of GO material on a glass substrate. Synthesis methods 
for GOa1 and GOb3 are different. It shows that the thickness distribution of the GO 
films made from totally different types of GO materials remain similar. Hence, it is 
important to note that the transmittance results are significantly affected by the nature 
of the GO material and mildly affected by thickness of its films. 
 
5.3  Size Distribution of GO fractions 
While it is instructive to study the functional groups and degree of oxidation in 
different GO fractions,25,109 one other feature that determines the properties of GO 
material is the flake size and flake size distribution. The optical imaging and image 
analysis procedure used in our system to obtain the data for sheet size and exfoliation 
consisted of: imaging, removal of inhomogeneities, conversion of brightness to sheet 
thickness, and recognition of individual sheets. The substrate carrying the GO sheets 
was observed under a microscope with a 20X objective, which is a good compromise 








Figure 5-3. Microscopic study of various Graphene Oxide fractions showing 
cumulative percentage of total sheet surface area as a function of average layer 
number.  
 
A recent technique to calculate the high-throughput optical thickness and size 
characterization of 2D materials was used to determine the size and exfoliation 
(number of layers stacked) of the GO fractions.120 With the help of this technique, it 
was observed that the fractionation method was selective for both sheet size and layer 
number as shown in Figure 5-3 and Figure 5-4. The sheets in the emulsion region 
fractions (e.g., GOe) were systematically smaller and thinner compared to the original 
GO solution; accordingly, the water region fractions (e.g., GOw) systematically 
retained sheets that were larger and had greater layer numbers. GO4w and GO4e are 




examples of this observation. This was most apparent in the layer number distributions 
of the original GO and GOw (water region GO fraction) samples before and after a 
few layers mark (less than five layers) and in the convergence of size distributions of 
these samples after the initial separation in the smaller sheet regime.  
 
Figure 5-4. Cumulative percentage of total sheet surface area of different GO 
fractions as a function of sheet area.  
 
Interestingly, all water region GO fraction samples, but not the emulsion region 
fractions, featured correlated spikes in their layer number distributions at different 
positions. The fact that both GO and water region fractions independently showed 
these peaks, while they are absent in the emulsion region GO fractions sample, 





It is interesting to compare this correlation between larger sheet dimensions and 
higher oxidation levels with the work of Dimiev and Tour, who showed that the 
oxidation of graphite into graphite oxide during the Hummers’ method is controlled by 
the diffusion rate of the oxidizing agent.121 This could possibly lead one to expect that 
larger sheets would be less oxidized than smaller ones. At first glance, the results 
appear to contradict this expectation, although this is not the case. Rather, the more 
hydrophobic, nearly un-oxidized graphite in the GO sample went to the oil/water 
interface, which has been shown to drive exfoliation.25 The more hydrophilic, highly 
oxidized material, in contrast, remained in the aqueous phase and thus did not 
exfoliate and; therefore, remained larger and on average more stacked. This was seen 
in the difference in the distribution of sheets with an average layer number less than 
four in Figure 5-4. 
It has been shown that oxidation of graphene changes its optical properties.24 
Consequently, we were interested whether different degrees of oxidation found in the 
various GO fractions would lead to a noticeable difference in the brightness versus 
thickness curves for different materials. Therefore a linear fit was applied to the 
brightness values for the first layer (Layer 1) for each sample as shown in Figure 5-5. 
The brightness change per layer was determined from the slope of this fit for each 
material and showed a surprisingly strong and significant change as a function of the 






Figure 5-5. Brightness values (right y-axis) for the first layer for each of the 
samples, with linear fits. Brightness differential per layer in left y-axis (slope of the 
linear fits from brightness) plotted against the corresponding GO fractions.  
 
As the change in brightness for a given nanosheet layer number is dependent on 
the dielectric constant of the material,122 these analysis experiments provide a 
surprisingly powerful way to assess optical properties of a population; in principle, one 
could calculate the optical constants of the material using this method. 
Also, Appendix (Figure 10-8) shows that the size distribution of the GO sheets is 
polydisperse and also signals towards different degrees of stacking for the GO sheets 





5.4  GO-Polymer Biocompatibility 
 
Biomaterials like bio-nano interfaces are combinations of nanomaterials and 
biomolecular assemblies, such as protein complexes or lipid membranes.123 By tuning 
the characteristics of these biomaterials, a myriad of nanomaterial functionalities can 
be realized for biomedical applications in biosensing, drug delivery, neuroscience, 
imaging, and tissue engineering.124 There are a very few nanomaterials based drug 
delivery systems available for aromatic, water-insoluble drugs. PEG is one of the most 
common candidates used in drug delivery applications however it can’t be combined 
with graphene due to lack of functionalization sites on its structure. On the other hand, 
GO is one of the most favorable nanomaterials that is used to get various classed of 
bio-nanomaterials.31 
PEG (molecular weight = 3.4 Kg/mol, Sigma Aldrich) was combined with various 
GO fractions in order to look at the effects of fractionation on the viability of these 
systems. To make the experiments easier but effective, we used a high concentration 
of GO to PEG to carry out cell viability experiments. 100 µl of 20mg/ml PEG solution 
is added to 2 ml of 0.5 mg/ml GO (or GO fractions) solution. DI water was the solvent 
for both solutions. This gives us a 2:1 ratio of PEG and GO material by weight.31,124 
Cell viability results at two different dilutions (original concentration is 25000 of A549 
cells per ml) of polyethyleneglycol (PEG) in combination with GO, GOe, GOew, and 




5.4.1  Cell Culture Procedure 
A549 cells (adenocarcinomic human alveolar basal epithelial cells) were seeded in 
a 96 well plate at a concentration (termed as 1/1 dilution) = 25 000 cells/ml.125 The 
cells were incubated overnight at 37 °C and 5% CO2. Absorption of the microplate 
(with background correction) at 540 nm was measured using a UV-Vis plate 
spectrophotometer. The pH of a dilution 1/5 of each sample was adjusted to 7.4. 
A further dilution 1/10 from the initial 1/5 dilution was made to get a final dilution of 
1/50. Subsequent dilutions of ½ from the 1/50 dilution were made (1/100, 1/200, 
1/400) to test their effect on cell viability. All the dilutions were made in DMEM cell 
culture media with antibiotics. Table 5-2 provides the descriptive quantitative look at 
all these concentrations.  
Samples were added to the cells followed by incubation at 37 °C and 5% CO2 for 24 
hours. Then the samples were removed from the cells, and the cells were washed 
with 100 ul of PBS. This step was repeated twice. 100 ul of the MTT reagent was the 
added to each sample, and cells were incubated for 4 hours at 37 °C and 5% CO2. 
The MTT reagent was removed, and 200 µl of DMSO was added to each sample. 
Absorption at 540 nm was measured using a UV-Vis plate spectrophotometer. Cell 
viability Figure 5-6 is expressed as a percentage of the control that was not exposed 






Figure 5-6. In vitro cell viability at 1/200 and 1/400 dilutions (original concentration 
is 25000 of A549 cells per ml) of Polyethyleneglycol in combination with GO, GOe, 
GOew, and GOw graphene oxide samples respectively at 7.4 pH. In all the bar 
graphs, x-axis corresponds to the concentration and y-axis is the % cell viability. 
 
5.4.2  Observations of In vitro cell viability 
The % cell viability analysis was done considering a % viability lower than 80% as 
a real cytotoxic effect. From the pictures in Appendix (Figure 10-9) taken at the lower 




GO and GOw did not affect the viability of A549 cells at low concentrations. However, 
at the highest concentrations (1/100 and 1/50) some cytotoxicity was observed. 
Sample GOe produced a slight decrease in the viability of A549 cells at almost all the 
evaluated dilutions (except 1/400). This effect was not concentration-dependent 
however. Sample GOew did not affect the viability of A549 cells at any of the tested 
dilutions. 
Table 5-2. Results and analysis for in vitro cell viability tests for various GO 
fractions with PEG. Data consistans of %viability average, standard deviation (SD), 
variance(VC), and values relative to control sample (100%). 
 
 
With the results from Figure 5-6, Table 5-2, and Appendix (Figure 10-9), it is clear 
that the water region GO fractions should be chosen to improve the cell interactions 





5.5  GO-Reinforced Polymer Composites 
 
A variety of uses have been envisioned or demonstrated for graphene and GO in 
the past decade, and their use as a composite filler has attracted considerable 
interest.73,105,126,127 While polymer nanocomposites incorporating GNP fillers continue 
to be a significant research focus, recent work has largely focused on the use of 
graphene-based filler materials derived from GO. GO-derived fillers can exhibit high 
electrical conductivities (on the order of thousands of S/m), high moduli and can be 
functionalized to tailor their compatibility with the host polymer.102 The reported values 
of stiffness and electrical conductivity of GO-derived filler materials can be higher than 
those reported for nano-clays, but generally lower than those reported for single-
walled carbon nanotubes (SWNTs).  
 
Figure 5-7. Dog-bone shaped ASTM D638 mechanical testing 1% GO-PP 
samples. 
 
The mechanical properties of GO can be improved by various modifications before 
or during the nancomposite processing.128-131 However, the intrinsic mechanical 
properties and electrical and thermal conductivities of SWNTs may be comparable to 
those of pristine graphene. Moreover, the two-dimensional platelet geometry of 




that SWNTs cannot provide when dispersed in a polymer composite, such as 
improved gas permeation resistance of the composite. 105,102 
 
 
Figure 5-8. Comparison of tensile moduli of (a) hydrophilic PVAc and (b) 
hydrophobic PP composites made with 1% loading of different GO fractions. 
Polymer represents the control experiment and % represents the increase of 
modulus relative to control. 
  
Two types of polymer matrices, isotactic polypropylene (PP, Mol. Wt.= 250K) and 
polyvinyl acetate (PVAc, Mol. Wt.= 500K) were obtained from Sigma Aldrich. The 
choice of polymers is based on the variation in the chemical nature of the two. PP is 
a hydrophobic polymer, and PVAc is hydrophilic. While PVAc will have an affinity 
towards GO oxygen functional groups, it was interesting to see how the PP and GO 





For processing of polymer composites, a calculated amount of polymer matrix with 
1% by weight concentrations of GO, GOe and GOw respectively were prepared and 
mixed using a rotating mixer at 36 rpm for 30 mins. The blend was dried in a vacuum 
oven at 100 °C for 24hrs. The dried mixture was loaded into a co-rotating Haake 
Minilab II micro-compounder at 200 °C and mixed efficiently for 7mins at 50 rpm, by 
passing through recirculation channels.  
After the processing operation was complete, the melt was diverted out of the 
channel, and the collected melt chopped into fine granules. The granules were fed 
into a Microinjection Molding Haake Minijet, and the injection molding samples were 
prepared following the ASTM D638 (Type V) at 200 °C at a pressure of 760 bar. Figure 
5-7 shows the mechanical testing dog-bone samples obtained from PP matrix 
reinforced with original GO filler. 
 
Table 5-3. Tensile modulus with % error values of PVAc and PP reinforced by 






The tensile testing was done following the ASTM D638 test method. The 
compounded materials were evaluated at the rate of 5mm/min. The width and 
thickness of the samples were measured to make sure of the accuracy of ASTM 
standards. Figure 5-8 shows the tensile modulus for polymer control and GO or GO 
fractions- reinforced polymer composites. Table 5-3 shows the value of the tensile 
modulus with an error below 6 % in all the cases. This error value makes the modulus 
values comparable. 
The tensile modulus of the polymer increases with the addition of GO, or its 
fractions. In general, mechanical loads that are being applied to the composite 
material are being supported by the reinforcing fillers, i.e., GO in the present case. 
The function of the matrix bonded to the GO transfers the load.  
An interesting aspect that has never been seen previously is that just 1% GOw 
(water fraction of GO) reinforces the polymer matrix to increase its modulus by 34%, 
more than corresponding GO or GOe in the present set of polymer composites. The 
tensile properties depend on the movement of polymer chains over other polymer 
chains and GO surface.132 In addition, there are some other factors that play an 
important role in the mechanical behaviour of polymer composites, e.g. the orientation 
of plane of α-form PP, and extent of GO acting as β-nucleating agent for PP.132,133 GO 
reinforces the hydrophilic polymer to a greater extent than that of hydrophobic 
polymers resulting in higher value of % tensile modulus increase for Polymer/GOw 
composites. Also, due to the higher resistance to movement of polymer chains and 
GOw sheets, corresponding GOw composites reinforce more than that of the GO and 




and other oxygen functionalities on GO sheet surface that establish adhesion with the 
hydrophilic polymers but not with the hydrophobic polymer that well.  
 
  
Figure 5-9. Comparison of tensile strengths of hydrophilic PVAc and hydrophobic 
PP composites made with 1% loading of different GO fractions. Unlike modulus, the 
addition of GO doesn’t affect strength values for hydrophobic PP but just hydrophilic 
PVAc. Polymer represents the control and % represents an increase of strengths 
relative to control. 
 
Another important mechanical property of the polymer/GO composites is the tensile 
strength, which stands for the capacity of a material or structure to withstand loads 
tending to elongate. It is measured by the maximum stress that a material can 































withstand while being stretched or pulled before breaking. Figure 5-9 shows the tensile 
strength values of the GO reinforced polymer composites. One interesting observation 
that differentiates tensile strength results from modulus results is that there is no effect 
of reinforcement on the tensile strength of PP composites, which has been observed 
the literature earlier as well.132,134,135 This is because the strength values are closely 
related to the attraction of filler and matrix surfaces. Since PP and GO have little 
affinity between them, there is no increase the strength value.73,130,136,137 This doesn’t 
hold true in case of hydrophilic PVAc where the oxygen functionalities make a 
difference.90,138,139  
 
5.6  Electrochemical Applications of Graphene Oxide 
 
Lithium-ion batteries (LIBs) are one of the most popular rechargeable batteries for 
critical applications such as electric vehicles, electronic devices, locomotives, and 
aerospace.52 However, the theoretical capacity limits with the conventional electrode 
materials impede its further applications. It is imperative to search novel LIB materials 
with high reversible capacity, long cycle life, and low cost. In this regard, elaborately 






Figure 5-10. Comparison of loss of capacity with increasing cycle number for 
batteries containing different GO fraction samples. 
 
Figure 5-10 shows the capacity of the battery (button cell) fabricated with materials 
containing the GO and its fractions (GOw, GOe, GOwww, and GOeee) for 50 cycles. 
The GO precursor used for fractionation here is oxidized by a modified Hummers’ 
method for 2 hours. Each cycle represents a charging and discharging step.  All the 
capacity results indicate that the GO material obtained from the water region of the 
fractionation (GOw and GOwww, refer Figure 3-3 and Appendix (Figure 10-3)) allow 
the diffusion of ions in the battery for higher number of cycles storing higher amount 
of energy (capacity) than that of GO fractions obtained from emulsions regions (GOe 





























shown in Figure 5-11 Incorporation of extreme water fraction of GO shows a high 




Figure 5-11. Capacity values for batteries containing different GO fraction 
samples. 
 
In order to understand the variation due to original GO material, Appendix (Figure 
10-10) shows the results obtained from batteries fabricated and tested identically to 
the same batteries used in the experiments shown in Figure 5-10 but with a different 
GO precursor that was synthesized by a modified Hummers’ method for 1 hour. This 
electrochemical experiment proves that the oxygen functionalities play an important 
part in final capacity and consistency of a battery. Also, choosing the optimum 



























Chapter 6:  New Generations of Graphene 
Oxide 
6.1  Sonicated Graphene Oxide 
The oxidation of graphite to GO starts with the oxidizing agents diffusing between 
the layers of the graphite.142 In order to achieve faster diffusion during oxidation, we 
carried out the modified Hummers’ reaction with bath sonication for 2 hours and we 
named the resulting product sonicated graphene oxide (SGO). The GO product that 
was synthesized with the same Hummers’ method but without the use of bath 
sonication during the reaction is named as HGO. 
The reaction used twenty-five milliliters of sulfuric acid (Fisher Scientific, ACS Plus) 
and 500 mg of sodium nitrate (Acros Organics, 99%+, ACS Reagent) added to a round 
bottom flask and stirred until dissolved. One gram of natural flake graphite (Asbury 
Mills, Grades 3243 and 2299) was then added to the flask and mixed until dispersed. 
When graphite is added, the solution turns black with a viscosity similar to that of 
water. Finally, 3 g of potassium permanganate (EM Sciences, GR ACS) is slowly 
added to the reaction flask to avoid overheating the system, but quickly enough so 
that the system does not thicken first. Addition of the oxidizing agent initially changes 
the solution to a dark red, which then rapidly converts to dark green with an increase 
in viscosity. The solution temperature can rise above 80 ˚C, and as the reaction 




Once all reagents are combined, the reaction proceeds under constant stirring for 
two hours before it is quenched. Bath sonication is stopped after 2 hours and the 
oxidation reaction is complete. Immediately after the bath sonication is stopped, the 
reaction is quenched by the rapid addition of 200 mL of de-ionized (DI) water and 25 
mL of hydrogen peroxide (Acros Organics, 35 wt. %). Adding the water causes the 
solution temperature to rise with a vigorous effervescence caused by the addition of 
the hydrogen peroxide. After the effervescence slows to a minor bubbling, 25 mL of 




Figure 6-1. XRD patterns of graphene oxide produced by Modified Hummers’ 
method and (HGO) and Bath Sonication Method (SGO).  
 
After quenching the solution, it becomes a yellow suspension, in contrast to the 




Appendix (Figure 10-11) and is further diluted with DI water. It should be noted that 
the product looks black for the same reaction without the use of bath sonication. 
Additional workup includes centrifugation at 4,000 rpm until the supernatant is clear. 
The supernatant is then removed, and fresh DI water is added to resuspend the 
graphite via bath sonication. The process is repeated until the solution attains a neutral 
pH. Cleaned graphite samples are then dried, ground into a powder, and stored in a 
vacuum oven to prevent absorption of water.  
Figure 6-1 shows the XRD pattern of HGO and SGO. SGO does not show any G 
peak which is a sign of highly oxidized GO product. As opposed to SGO, HGO 
contains a significant intensity of G peak.  
 
 
Figure 6-2. XRD patterns of HGOe and SGOe, the emulsion region fractions of 





In order to corroborate this phenomenon further, both these GO products are used 
for fractionation (refer Figure 3-3 for fractionation process). XRD patterns of emulsion 
region GO fractions (HGOe and SGOe) are compared as shown in Figure 6-2. HGOe 
and SGOe are the more graphitic (less oxidized) fractions of their corresponding 
original GO materials. Interestingly, the emulsion fraction of SGO, i.e. SGOe with 
comparatively lower degree of oxidation than SGO, does not show any G- peak. It 
shows that SGO is very highly oxidized. However, HGOe shows an intense G-peak 
corresponding to more graphitic nature than that of HGO. It also shows that HGO 
contains fewer oxidized sheets than SGO. 
6.2  Under-oxidized Graphene Oxide 
6.2.1  Method to produce uGO: 
 
Fractionation of original GO (or GO) is carried out using chloroform and water as 
solvents. Forming an emulsion in the presence of GO creates two phases: a water 
phase containing highly oxidized GO and a lower oil-in-water emulsion phase 
containing uGO. The solvents used to form the emulsion are recycled. The final 






Figure 6-3. a) Schematic representation of the definition of 'fr.’  ‘fr’ is 1-step 
fractionation of GOx into two of its fractions, the emulsion fraction GOxe and the 
water fraction- GOxw. b) Scheme for multiple fractionations. Here GOne is the 
fractionation products of n fractionations (x=n) of GO.109 
 
For a particular GO/water/oil system, a particular value of x= n giving GOne is called 
uGO. Generally, it is when the XRD r ratio (area of GO peak divided by the area of 
graphite peak) is < 0.50 as shown in Figure 6-5.109 The XRD r ratio is one way to 
determine the degree of oxidation of a GO sample. Higher ‘r ratio’ means a greater 
degree of oxidation. An example is shown in Figure 6-4. 
6.2.2  X-Ray Diffraction characterization approach  
Each fractionation step uses an oil/water-based emulsion to get an emulsion fraction 
(GOe) and water fraction (GOw) as explained in Figure 6-3a. After performing six 
fractionation steps, i.e., n=6 referring to Figure 6-3b, to get GO6e, the r ratio is 0.45 




emulsion system. XRD r value for GO is 0.94. This is the GO used for six fractionation 
steps to get the final fraction- uGO with XRD r value of 0.45. 
 
 
Figure 6-4. XRD diffraction pattern of original GO. XRD r ratio is 0.94. 
 
 













































6.2.3  Raman Spectroscopy characterization approach 
Conversion of GO to rGO leads to a higher D peak intensity (relative to G peak 
intensity). This is a well-known indication of increased disorder in the system. A typical 
example is shown in Figure 6-6. Here, the ID/IG ratio is much higher for rGO as 
compared to the GO used to make that rGO. 
 
 
Figure 6-6. Comparison of ID/IG peak intensity ratio of rGO and GO peak.97 (Taken 
from: J. Mater. Chem. A, 2014,2, 1332-1340.) 
 
ID/IG ratio from the Raman spectrum of uGO decreases as compared to that of GO 
from which it was isolated as shown in Figure 6-7. It means that uGO doesn’t contain 








Figure 6-7. Raman spectrum of Original GO and uGO with ID/IG peak intensity ratio 
of 0.75 and 0.69 respectively. 
 
Raman spectra results from Figure 6-6, and Figure 6-7 are the primary basis for 
identification of uGO, indicating that uGO has fewer defects than rGO, confirming the 
presence of a lesser degree of oxidation (i.e., more delocalization of electrons/C=C 




6.2.4  uGO Aging 
 
 
Figure 6-8. XRD experiment for same GO sample performed in the year 2015 and 
2017. FWHM for GO2017 is 71% of FWHM for GO2015.  
 
An increase in uGO crystallinity compared to GO is observed over time. The full 
width at half maximum value (FWHM) for an XRD pattern is a method to compare the 
crystallinity of various materials qualitatively.  
 
Figure 6-9. XRD experiment for same uGO sample performed in the year 2015 
and 2017. FWHM for uGO2017 is 60% of FWHM for uGO2015. 
 
The higher the FWHM value, the lower is the crystallinity.143,144 XRD experiments 
were conducted by keeping GO and uGO coated glass slides for 2 years in a Petri 










































Each figure further demonstrates the two types of patterns, one that was done in the 
year 2015 (larger FWHM) and another in the year 2017 (smaller FWHM). FWHM of 
GO peak in XRD pattern decreases to 71% in two years as opposed to uGO that 
decreases to a much lower value of 60%. It can be inferred that uGO goes on to be 
more crystalline with time than that of original GO.  
 
6.2.5  uGO Hydrogels 
Polymer hydrogel145 was formed by mixing 6ml of DI water, 4ml of heptane, 0.5g 
HMA (hydroxymethylacrylamide), 6mg of N,N'-Methylenebisacrylamide crosslinker, 
10mg of potassium peroxodisulfates (KPS), 5.5mg of N,N,N,N-
tetramethylethylenediamine (TEMDA) = 5.5, and GO or uGO= 15mg. 
 
 
Figure 6-10. DMA stress vs. strain compression test for GO hydrogel.  
 
Due to the presence of water and oil, the system gives rise to an emulsion stabilized 
by GO sheets.108 This mixture is then kept at 40 °C overnight. The result is a GO 


















Figure 6-11.  DMA stress vs. strain compression test for uGO hydrogel. 
 
The stress sensitivity of hydrogels has been a topic of discussion in the past, but 
not many materials are available to improve this property.146,147 DMA is performed on 
GO and uGO hydrogels. Negative strain % value indicate compression. dAs per 
Figure 6-10 and Figure 6-11, the advantage of uGO hydrogel is that it is more sensitive 
towards compression compared to original GO hydrogel as shown by the DMA results.  
 
Table 6-1. Stress values obtained from DMA for GO and uGO hydrogels at -25, -





















Strain (%) Corresponding Stress (kPa) 
GO hydrogel uGO hydrogel 
-25 0.84 3.2 
-50 5.9 13.8 




Chapter 7:  Thermal Equilibrium State of 
Graphene Oxide 
In the last/past decade, graphene oxide (GO) has emerged to be an most important 
two-dimensional materials because of its wide range of applications in the areas of 
environmental110,140, medical devices and therapeutics106,148, polymer 
nanocomposites149, electrochemical103, medicinal chemistry150,148, energy151, and 
electronics.88,3 Our findings conclude that totally different GO materials become 
similar within a few years with identical defect densities. The majority of GO is 
synthesized using Modified Hummers’ methods, and we have shown that, within a few 
years, storage leads to an identical GO. Factors responsible for the excellent 
properties of GO are its exfoliated nature and the oxygen functionalities on its surface 
and edges which make it easier to process.152,81,153 There has been some effort to 
control and optimize these factors to make this material more promising for present 
and future advanced technologies.24,25,152 Comparison of various studies on GO, e.g.  
XRD,3,25,142,154–157, TGA,81,158–163, etc. show that properties are sometimes very 
different as these studies do not mention whether the experiments were performed 
after a day or a month or a year. The presented research in this chapter proves that 
the analysis of aging is very important in the case of GO materials. 
In recent years, there have been vast discrepancies in the properties of similar kind 
of GO materials29,86,99,139,153,164. To have better control, especially in case of extremely 
sensitive applications in neurology141,99, biosensing148, medicinal chemistry150,148, etc., 




There has been no investigation done to look at the changes that take place in GO 
with time, and this could be one of the reasons for inconsistencies in GO products.  
 
 
Figure 7-1. Procedure to form GO film on a glass surface through drop casting to 
obtain 0 yr GO and later, 3 yr GO samples. 
 
We have investigated the effect that the passage of time has on the GO sheets, 
both when kept isolated, or under the influence of various environments, or when used 
in an application. A GO film is formed by drop-casting an aqueous GO suspension on 
a glass substrate as shown by illustration in Figure 7-1. This GO film sample is named 
as 0 yr GO. After storing the GO film for three years, the film sample is named as 3 yr 
GO. GO that is stored as a suspension in water (5mg/ml) for three years is 3 yr_W 
GO. GO1 is 2 hours oxidized, and GO2 is 3 hours oxidized graphene oxide material 




7.1  Constant Defect Density and the Interlayer Distance 
 
Figure 7-2. a) Raman spectra of o yr GO1 and GO2 (solid). b) Raman spectra of 3 
yr GO1 and 3 yr GO2 (dotted), i.e., after three years of storage in dry conditions, 
showing similar defect density (ID/IG) irrespective of original GO1 and GO2 samples 
having varying defect densities (ID/IG). c) Raman spectra at five different spots of 3 yr 
GO1 showing constant defect density (ID/IG) value across the entire sample. d) 
Raman spectra at three different spots of 0 yr GO1 showing varying defect densities 
across the sample. e) Comparison of Raman ID/IG values for 0 yr and 3 yr GO1. 
Error bars show that the ID/IG value approaches a monodisperse defect density in 
three years. f) FTIR spectra of GO1 and GO2 for 0 years (solid) and 3 years (dotted) 
aging where GO1 and GO2 appear relatively similar (carboxyl C=O) after 3 years of 
storage irrespective of initial GO samples’ peak intensities relative to C=C stretching 




h) X-Ray diffraction pattern showing “GO-peak” for GO1 and GO2 with no aging 
(solid) and after 3 year aging (dotted). The d-spacing in GO changes to a constant 
value of 0.83nm (10.6° 2θ value) after 3 years of storage as films on glass surface 
irrespective of the initial d-spacing of the GO samples. i) XRD patterns of GO1, 
GO3, and GO4 after 3 years of storage as films on a glass surface. These GO 
samples are synthesized by different oxidation methods.1,3 
 
A typical Raman spectrum of GO shows two characteristic peaks, D peak (~1350 
cm-1) and G peak (~1590 cm-1). Raman spectroscopy allows us to monitor the 
disruption of the sp2 carbon network in the GO samples with time. To characterize GO 
with Raman, comparing the D-band, with intensity ID, that corresponds to a disrupted 
sp2 network,28 with the G-band, with intensity IG, that corresponds to an intact sp2 
network, indicates the defects present in GO including but not limited to topological 
defects and functionalization.86 
Figure 7-2a shows distinct Raman spectrum for 0 yr GO1 and 0 yr GO2 with ID/IG 
ratio of 0.86 and 0.93 respectively. After 3 years, the Raman spectra of these samples, 
i.e., 3 yr GO1 and 3 yr GO2 are shown in Figure 7-2b. The ID/IG ratio for both these 
samples becomes 0.98, and different Raman spectra of these two different GO 
materials (GO1 and GO2) appear near to identical after three years, the same spectra 
which were significantly different originally with no aging. This observation suggests 
that GO changes slowly to a certain defect density to approach the most stable thermal 
equilibrium state. In order to corroborate this similarity in the defect density of 3 yr GO 
samples further, various spots for Raman analysis are chosen on 3 yr GO1 as shown 
in Figure 7-2c. In general, Raman spectra from different regions of a GO sample (e.g., 




within this single sample, unlike uniform ID/IG value for various spots on 3 yr GO1, 
some regions of 0 yr GO1 show more ID/IG value than others due to varying relative 
D-peak area and FWHM indicating that oxidation and defect density are not uniform 
on each sheet in GO without aging. In practice, Figure 7-3 shows the GO1 surface 
under a microscope for Raman analysis where various spots can be selected for 
experiment and ID/IG value calculation. It is important to note that this extent of 
monodispersed defect density at thermal equilibrium stage cannot be achieved by 
oxidation reactions, as there are variations in defect density value (ID/IG) at different 
GO regions in oxidized GO materials without aging.166 
 
Figure 7-3. Original GO1 (o yr GO1) under the microscope showing characteristic 
laser spot and its size for each Raman experiment. 
 
Figure 7-2f shows FTIR spectra for C=C in-plane, carboxylic carbonyl, and ketone 
vibrations, for various GO samples normalized by C=C in-plane peak.47,167 GO FTIR 
contains numerous peaks,168 and of those numerous peaks, we have concentrated on 
the three significant peaks- a peak at approximately 1550 cm-1 assigned to sp2 




carboxylic carbonyl stretching,125,43 and a peak at approximately 1620 cm-1 assigned 
to ketone vibration.125 0 yr GO1 and 0 yr GO2 show a vast difference between C=O 
groups relatively. 
Conversely, 3 yr GO1 and 3 yr GO2 tend to have a similar distribution of the three 
groups. FTIR results show that carboxylic C=O groups that are known to form the 
defect boundaries in GO,26,59 become similar in their abundance (relative to C=C) after 
three years. This agrees with the Raman results showing uniform defect density with 
time.  
Although changes in extent of oxygen functionalities take place during GO aging, 
GO reduction, and GO synthesis processes, 3 yr GO cannot be reproduced from GO 
reduction or oxidation reactions and it is a unique product of the aging phenomenon. 
The reason is because, while the relative extent of the oxygen functionalities becomes 
uniform in case of 3 yr GO, the same is not true in the process of functionality increase 
during GO oxidation or the loss during GO reduction, and the growth of oxidative 
islands on the GO plane and edges is not uniform.28,29,88,142,169 This observation also 
suggests a state of GO material due to aging by attaining a thermodynamic minimum, 
a thermal equilibrium state.  
A typical XRD of GO contains a GO peak (2θ= 10-13°) and sometimes a G peak 
(2θ= 26.8).3 Figure 7-2g-h shows GO peaks (2θ= 10-13°) for two pairs of 0 yr GO and 
3 yr GO samples. The differences in the 2θ values, and thus the interlayer spacing, 
between the 0 yr GO1 and 0 yr GO2 disappeared, and they attain similar interlayer 
distance of 0.83nm, corresponding to 2θ= 10.6°, after three years as observed in 3 yr 




Figure 7-2i, Table 7-1 and Appendix (Figure 10-12), where four different GO samples 
attained a similar range of interlayer distance after three years (0.82-0.83nm). The 
change in interlayer distance after the passage of 3 years is about 13-17%. Figure 
7-2i gives a closer look at the relative GO XRD peaks for all four samples where GO 
sheets approach this interlayer spacing of 0.83nm. High GO d-spacing means low 
oxidation degree (XPS results prove this later in this chapter) that gives rise to a 
reduced extent of hydrogen bonding, i.e., reduced number density of oxygen 
functionalities with time.170,171 
More interestingly, the full width at half maximum (FWHM) value for the XRD GO 
peak goes down by 30-40% with time, and the GO peak becomes sharper for all 3 yr 
GO. This indicates more uniformity in d-spacing over time. Appendix (Figure 10-12) 
shows a broader diffraction pattern of the GO samples and includes the G peak, 
indicating that the 2θ value for the G peak (2θ= 26.8) remains the same after three 
years.3 The 2θ value for the XRD GO peaks does not occur in 10.4-10.8 region but 
typically at 12.0 or higher in most of the cases including Figure 7-2g-h (XRD figure) 
XRD diffraction patterns depicted by the highlighted region. Multiple studies 
representing different times of GO oxidation stages do not show any major changes 
in the GO peak 2θ position, even in extreme oxidative conditions, at least not near the 
10.6 degree region.142,169 Also, generally GO shows polydisperse interlayer distance 
distribution for all kind of oxidation times169 while the 3 yr GO shows a monodisperse 
value of the interlayer distance of 0.83nm, indicating minimum energy state indicated 





Table 7-1. XRD GO peak d-spacing and FWHM changes after two years of 
storage of graphene oxide samples.  
 
Sample GO peak d-spacing (nm) 3 yr GO 
FWHM relative 
to 0 yr 0 yr 3 yr 
GO1 0.71 0.83 71% 
GO2 0.72 0.83 75% 
GO3 0.76 0.83 69% 
GO4 0.69 0.82 60% 
 
 
One of the characteristics to look for is the graphitic content in a GO material. This 
can be done by comparison of the intensities of the GO peak (2θ= 10-13°) and the G 
peak (2θ = 26.8). Appendix (Figure 10-12) shows that, although the GO peak position 
changes to a lower 2θ value, the relative intensity of GO peak to G peak, i.e. r value, 
(where r = AGO/(AGO+AG), where AGO and AG are GO and G peak areas respectively) 
remains same for o yr and 3 yr samples in the case of both GO1 and GO2, even 
though the GO d-spacing changes with time.25 This means that the graphitic content 
doesn’t change with time. Though the nature and extent of oxygen functional groups 
are changing on GO surface as per FTIR results, the XRD r value remains unchanged, 




do not become rGO, for which a broad XRD peak appears between 22 and 25˚ 2θ 
value.159 Also, due to this unchanging r value it can be concluded that exfoliation does 
not happen with time in a given dry GO film. This is further proof of minimum energy 
stage of GO where the interlayer distance between sheets changes without changing 
other inherent properties like GO extent relative to graphitic (r value) and the 
exfoliation profile.  
7.2  Functionalities and Topology 
 
Figure 7-4a-c shows the XPS spectrum for 0 yr GO1and 3 yr GO1 where the C1s 
spectra were compared by deconvoluting each spectrum into the peaks that 
correspond to carbon sp2 (C=C, 284.8 eV), epoxy/hydroxyls (C-O, 286.2 eV), and 
carbonyl/carboxylate (C=O, 288.5 eV) functional groups. The C1s XPS spectra are 
normalized by the C=C peak. XPS shows that the overall extent of oxygen 
functionalities goes down after three years, but more importantly, the ratio of C-O and 






Figure 7-4. a,b) XPS of 0 yr GO1 and 3 yr GO1 with normalized C=C peak (at 
284.6e.V.). c) Comparison of extent of C=C, C-O, and C=O, normalized by the C=C 
peak, where C-O and C=O group intensities go down with the passage of 3 years. d) 
TGA of 0 yr GO1 (dotted) and 3 yr GO1 (dotted) showing about 40% and 5% 
residual weight respectively, at 750 °C due to loss of overall functionalities in GO1 
within 3 years. e) DTA of 3 yr GO1 (dotted) showing 20 °C left shift in degradation 
(at 200 °C) as compared to that of 0 yr GO1 (dotted). A very small degradation of 
strongly bonded functionalities is shown in 3 yr GO (after 425 °C) while GO showed 
a huge weight loss. f) SEM picture of 0 yr GO1 showing no visible topological 
defects. g) SEM image of 0 yr GO1 showing micro and nano-scale topological 
defects after 3 years of storage. h,i) Size distribution of two defect sites as observed 






Figure 10-13 and Figure 10-14). 
 
The most important effect of the reduced amount of oxygen functionalities appears 
in XRD patterns in Figure 7-2g-i. As discussed earlier, the possible reason for having 
a greater interlayer distance in 3 yr GO samples relative to 0 yr GO is the loss of 
oxygen functionalities. As suggested by FTIR and XRD results, the loss of 
functionalities responsible for hydrogen bonding between the two graphene planes 
result in reduced attraction between the two planes. 
Figure 7-4d-e shows the extent of oxygen functionalities left in GO after three years 
by TGA and DTA analysis. This observation is in agreement with XPS results where 
it was shown that there a reduction of about 50% (2.2 Carbon to Oxygen functionalities 
as per XPS). 
Topological defects in GO appear over time as per SEM pictures in Figure 7-4f-g 
and Appendices ( 
 
 
Figure 10-13 and Figure 10-14). 0 yr GO1 sample appears without any topological 
defects. However, in the case of 3 yr GO1, Appendix (Figure 10-14) SEM shows that 
defects start appearing at a few nanometers scale and then merge into each other to 
become microscale. Islands at a distance of about 15-30 nm are encircled in Appendix 
(Figure 10-14). No such defects were noticed in the case of 0 yr GO1. These defects 




of the reasons for the appearance of higher Raman ID/IG values despite the extent of 
oxygen functionalities going down. It is similar to the case of reduced graphene oxide 
where the ID/IG value doesn’t go down as much as the extent of functionalities due to 
the increased extent of structural defects. As per Ferrari et. al.172, the intensity ratio of 
D and G bands (ID/IG) in the Raman spectra reflects the average distance between 
structural defects (LD) in the graphene plane.173 The ID/IG is positively correlated with 
LD, given that the intensity ratio of 2D and G bands (I2D/IG) is conspicuously less than 
1, which follows the criterion for defective graphene materials as per some studies.174 




Figure 10-13 and Figure 10-14) are similar.172 This shows that these structural 
defect sites that appear to grow aging grow in a similar manner over time. It is also 
observed that defect islands grow bigger with oxidation reaction,169,175 but in this case 
the aging process disturbs the delocalization of electrons in the GO plane due to the 
growth of defect islands with longer shelf life as shown by Raman results in Figure 
7-2.  
Figure 7-5a shows the variation of the Raman ID/IG values for GO1 with time. After 
1 year, the defect density reaches almost 90% of its plateau value and then attains a 
stage where the graphene structure is more stable with time. The decreasing size of 
the error bars with the progress of time in dry storage signals the monodispersity of 




delocalization of electrons in the GO basal plane, which can be due to increasing 
functionalities or various types of morphological defects on the GO plane.28 
 
 
Figure 7-5. a) Variation of Raman defect density (ID/IG) of GO1 with time. The 
defect density starts approaching a thermal equilibrium state within one year of 
storage in the dry environment. b) Illustration showing the changes in GO sheets 
due to topological defects arising in 3 yr GO. Numbers (1-6) represent edge or in-
plane islands175, corresponding to the defect sites containing oxygen functional 
group clusters. c) Illustration showing the increase in GO sheet interlayer distance 
after the passage of 3 years due to the decreased amount of oxygen functionalities 





However, the FTIR, XPS and TGA results have shown that the oxidation extent (i.e., 
oxygen functionalities) is decreasing with time. Also, SEM has shown a glimpse of 
micro and nano-scale defects appearing in the 3 yr GO surface. All of these 
observations lead to the conclusion that the morphological defects in GO are 
increasing with time as shown by an illustration in Figure 7-5b. These defects occur 
due to: the increasing size of oxidative islands present realative to original 0 yr GO 
(defect 2 growing to become 3), or the loss of basal carbon atoms in plane (defect 4), 
or on the edges (defects 1 and 5), or merger of two or more defect sites (defect 
6).28,29,142,169 Figure 7-5c illustrates that the interlayer distance in all the 0 yr GO 
samples increase to a constant value of 0.83nm after 3 years due to the loss of oxygen 
functionalities as suggested by XPS that leads to reduction in the extent of hydrogen 
bonding between two adjacent graphene sheets.170 
We have also looked into the storage of GO materials in water. Studies in the past 
have examined the changes that occur while storing the GO samples in water for short 
periods, but do not examine any long-term changes.176,177 Figure 7-6a shows the 
Raman spectra of GO1 that was stored as a suspension in water (5mg/ml) for three 
years (3 yr_W GO1). A moderate increase in the ID/IG value for 3 yr_W GO1 is seen 
from 0 yr GO1, but it is not as high as in the case of drier conditions. XRD patterns in 
Figure 7-6b suggests that 3 yr_W GO1 sheets attain the minimum energy interlayer 
spacing of 0.83nm whether stored in aqueous suspension or dry conditions. An 
important difference though is the FWHM of the 2θ peak, i.e., the distribution of 




shown by XPS later) leading to more polydisperse oxidation throughout different GO 
sheets than that of 3 yr GO1.  
7.3  Effects of Aqueous Medium 
 
 
Figure 7-6. Aqueous medium effect on GO1. a) Raman spectra comparison of 3 
yr_W GO1 (stored as 5mg/ml suspension in water at pH=6), 3 yr GO1 (stored for 3 
years as a dry film on a glass surface), and 0 yr GO1 (no aging). Raman shows a 
moderate change in ID/IG ratio for 3 yr_W as compared to 0 yr GO1. b) XRD shows d 
spacing for 3 yr_W GO1 changing to a similar value as in the case of 3 yr GO1 but 
with higher FWHM value. c-d) XPS of 3 yr_W shows little change in oxygen 
functionalities as compared to 0 yr GO. e) The extent of oxidized carbon for different 
GO samples which only includes the molecules covalently bonded to the carbon 
plane and excludes all the trapped moieties within the GO sheets, e.g., H2O, and 
thus gives a better estimate of how basal carbon functionalization is affected by time 
in different storage environments. f) UV-vis spectra show relative conjugation 
between GO samples with two characteristic peaks, between 227-234nm (pi-pi 
transition, C=C) and 300-310nm (npi transition, C=O).   
 





Figure 7-6c-d shows the loss of C-OH covalent bonds in dry storage while there was 
only a 10% change in the case of solution storage. XPS shows that overall extent of 
oxygen functionalities went down after three years, but more importantly, the ratio of 
C-O and C=O in 0 yr, 3 yr, and 3 yr_W GO remained similar (~4.883 and 4.850, 
respectively). Figure 7-6e shows the changes in functionalization extent in GO, a 
factor that avoids the inclusion of intercalation of moisture into the calculations. It is 
important to note that there is not much change in the extent of functionalized carbons 
with GO stored in suspension. However, in dry condition aging, the extent of oxidized 
carbon is reduced by about 36% of original 0 yr GO1. That means that the oxygen 
functionalities are more stable in aqueous conditions (at pH=6) than in drier conditions. 
This result also suggests that the GO products or processes containing GO in 
aqueous conditions will be more consistent in performance than those in other 
environments. 
The uv-vis spectrum in Figure 7-6f suggests that all GO samples show a λmax at a 
227-234 nm range (- transition, C=C) while 0 yr GO1 and 3 yr_W GO1 show a more 
pronounced shoulder with a λmax at 300-310nm (n transition, C=O).3 The presence 
of a - transition shows that all GO samples consist of C=C groups and also, 3 yr 
GO consists of more C=C groups after the loss of oxygen functionalities than 0 yr GO 
which has more oxygen functionalities. The very small shoulder at the 300-310 nm 
range shows a lack of n transition in 3 yr GO confirms that there is very small 
amount of carbonyl and carboxyl groups present after aging in dry conditions, 





7.4  Effects of encapsulation 
 
 
Figure 7-7. Effect of aging on GO in various chemical environments and when 
used in different applications. a) Raman spectra of graphene oxide that was used to 
make GO-cellulose films (3 yr GO-CNF) with 20% and 50% GO concentration178 and 
3 yr GO-Fe filtration membrane179 after the passage of 3 years, showing an 
increased ID/IG ratio of the GO components of the films and membrane as compared 
with 0 yr unaged GO. b) 0 yr GO is used to obtain 5mg/ml suspensions in water at 
various pH (3 to 9), drop-casted onto glass surface, dried, and kept for 3 years to get 
3 yr_’pH’  (‘pH’=3 to 9, dotted plots). Raman defect densities (ID/IG) of 0 yr GO 
change to a similar value irrespective of the pH environments. This study 




applications like biological, electrochemical, mechanical, etc. which contain GO in 
different pH environments.52 c) Raman spectra obtained from GO-polystyrene180,155 
and GO-polybutylacrylate composites181 after 3 years show similar changes in 
Raman defect density (ID/IG) after 3 years irrespective of different polymer material 
vicinity. d). SEM image of 0 yr GO-PS spheres showing clear defect-free GO 
templated PS spheres useful in various applications.126,180  e,f). SEM images in 
different magnifications of 3 yr GO-PS spheres after 3 years containing various 
surface defects contributing partly to the increased Raman defect density in (c). 
 
So far, our results suggest that GO is exhibiting changes to attain a specific structure 
over time. It is also important to investigate whether these effects are due to 
topological changes or oxidation degree variations and whether external 
environments like the types of encapsulating materials (polymers, metals, etc.), pH, 
moisture, etc. govern the fate of GO material. Also, it is imperative to know whether 
the nature of the GO material changes with time depending upon the external 
environment. It is also interesting to note that GO in all the different environments 
changes to attain a specific range of ID/IG ratio.3 
GO encapsulation in different materials is done to understand the aging process 
that takes place in various environments and for some of the significant GO-based 
materials. The results are shown in Figure 7-7. Processing of GO-cellulose films (GO-
CNF) with 20% and 50% GO concentration is done by a dispersion approach. In order 
to obtain a stable cellulose micro-network dispersion, we chose a highly polar solvent, 
formamide. Cellulose shows a stable colloid property in formamide as shown by the 
homogeneous Tyndall phenomenon.182 The preparation of GO-CNF membranes is 




mg/mL) and GO (aqueous solutions, 1.00 and 2.5mg/mL concentrations). Cellulose 
extracts GO from the water phase to the formamide phase (5 mL) although water and 
formamide are miscible. The resulting composite film is then dried to obtain a GO-
CNF membrane with 20% and 50% GO concentration.182 
Processing of GO-Fe filtration membrane was also done by a dispersion method. 
15 mL of GO (2.7 mg/mL) was dispersed into 40 mL ethanol with stirring. 0.95 g of 
FeCl3.6H2O (3.5 mmol) and 1.05 g of FeSO4.7H2O (3.78 mmol) were dissolved in 10 
mL of distilled water under sonication, then the solution was injected dropwise into the 
GO suspension and stirred for 30 min. The resulting mixture was heated to 68 °C 
before buffer solution was added to adjust the pH to 10. The mixture was stirred at 68 
°C for 2 h and then cooled to room temperature. The Fe-GO composite was separated 
from the mixture using filtration on a filter paper and rinsed three times with ethanol 
and distilled water respectively before being dried at 65 °C for 12 hours. 
Processing GO samples with varying pH was also accomplished. 0 yr GO was used 
to obtain 5mg/ml suspensions in water at various pH (3 to 9) which contained GO in 
different pH environments. Buffer solutions (one with acidic and one with basic pH 
values) were obtained from Fisher Scientific (with CAS numbers- 6381-92-6 and 877-
24-7). Six GO suspensions were obtained with pH values of 3, 4, 5, 6, 7, and 8 by 
varying the amounts and type of buffer solutions. 
Processing of GO-polystyrene nanocomposite spheres is done by adding GO to DI 
water at a concentration of 4.0 mg/mL for the total solution, and suspended using a 
bath sonicator for 15 minutes to disperse the GO sheets. Emulsions were made with 




azobisisobutyronitrile (AIBN) and 0.375 mL of divinylbenzene (DVB) was added. The 
mixtures were hand- shaken for 10 seconds prior to blending for 30 seconds with a 
Kinematica Brinkmann Polytron Homogenizer (Model PT 10-35). The emulsion is then 
placed in an oven at 65 °C overnight to polymerize. After polymerization, the vials 
were placed in a second oven at 80 °C overnight to dry.155,180 
Processing of GO-polybutylacrylate composites is done using a 250 mL Erlenmeyer 
flask loaded with 110 mg GO, 15 mL DI water, 10 mL butyl acrylate (Acros Organics, 
99%), 100 µL divinylbenzene (Sigma-Aldrich, 80%), 30 mg azobisisobutyronitrile 
(AIBN) (Sigma- Aldrich, 98%), and a stir bar. The contents were then mixed for about 
1 min on a stir plate. The stir bar was then removed, and the contents were mixed for 
1 min, using a Silverson L5M-A high shear blender. After mixing, the contents were 
poured gently into a 100 mL glass jar. The jar was then sealed and placed into a 
convection oven (Blue M, Stabil-Therm) at 65 °C for 24 h to react. The jar was then 
broken to remove the composite sample, which was then placed in the same oven for 
four days.181 
Despite its extensive use in various applications, nothing is known of the physical 
changes in GO-based products with time. It is important to study this to predict the 
changes in the properties and optimize the use of a particular GO for a specific 
application. Figure 7-7a shows the Raman spectra of GO-Cellulose films with 20 and 
50% GO concentrations and GO-Fe filtration membranes with 10% GO concentration 
after the passage of three years. When compared by Raman, the defect density of the 
original GO (0 yr GO) show a lower level of defect peaks than the 3 yr results. Also, 




different samples to the extent that these spectra superimpose on each other. In 
recent years, GO in combination with cellulose has shown promising and economically 
viable applications in multiple areas.178,182–186 GO in combination with Fe or with 
cellulose isn’t significantly affected by these environments, but defects grow due to 
the passage of time to a similar extent. This is important as GO in combination with 
Fe has emerged to be an important area of investigation for various filtration and ion 
sieving membranes,179,187,188 however there is no information available concerning the 
changes that occur in these membranes due to aging. Multiple electrochemical, 
biological, electronic, and mechanical applications use GO in various environments 
where pH is an important factor.52,189,190  To investigate the effect of pH, GO 
suspensions (5mg/ml) with pH values from 3 to 9 were drop cast on a glass surface, 
and after three years of storage Figure 7-7b shows their Raman spectra. Similar to 
earlier films and membranes, defect density not only grows relative to 0 yr GO but is 
similar irrespective of the pH environment. GO/polystyrene composites have a decade 
long history and various types of composites for different functions have been 
obtained.139,155,180 A similar study is done with GO-polystyrene composite spheres180 
and GO-polybutylacrylate sensor material181,191,192 obtained similar observations of 
elevated ID/IG ratios as shown in Figure 7-7c. It is important to understand the origin 
of Raman defect density, ID/IG which is not only affected by changes in delocalization 
of electrons on the GO plane but also due to another kinds of defects as.28 Figure 
7-7d-f shows SEM images of GO-polystyrene spheres taken in 2015 (d) and 2018 




openings/fractures/micro-sized physical holes in the structure templated by GO 
sheets.  
 
7.5  Conclusion 
 
This study provides conclusive evidence that GO materiasl changes over time and 
thtat these changes are not limited to pure GO material but also GO contained in 
composite materials. Another important aspect of the variations of GO over time is 
that they appear to reach a thermodynamic minimum energy configuration which can 
be helpful in the qualitative and quantitative assessment of future GO materials. The 
thermodynamic energy minimum of GO, i.e., a plateau region in r value versus time 
curve, is achieved between the second and third year of aging with the majority (about 
90%) of changes in GO taking place in the first year. 
 
7.6  Methods  
 
7.6.1  Graphene Oxide Synthesis 
Graphene oxide is synthesized using a modified Hummers’ method.1,3,193 Twenty-
five mL of concentrated sulfuric acid (Fisher Scientific, ACS Plus) and 500 mg of 
sodium nitrate (Acros Organics, 99%+, ACS Reagent) is added to a round bottom 
flask and stirred until dissolved. One gram (1 weight equivalent) of graphite is then 




potassium permanganate (EM Sciences, GR ACS) is added to the reaction mixture. 
When graphite is added to the reaction flask, the solution immediately turns black and 
has a viscosity similar to that of water. The potassium permanganate is added slowly 
to avoid overheating the system, but quickly enough so that the system does not 
thicken before all of the oxidants can be added. Throughout the reaction process, the 
solution transitions from a low-viscosity liquid to a highly viscous slurry. Addition of the 
oxidizing agent initially changes the solution to a dark red. This initial thickening begins 
after five to ten minutes and coincides with an increase in the reaction temperature 
and a change in color from black to dark green/brown. The solution temperature rises 
near to 80 °C, and as the reaction continues past an hour, the temperature begins to 
drop slightly. To quench the reaction, 200 mL of de-ionized (DI) water and 25 mL of 
hydrogen peroxide (Acros Organics, 35 wt. %) are added to the reaction vessel. 25 
mL of hydrochloric acid (Sigma Aldrich, 37% A.C.S. reagent) is then added to 
solubilize residual salts. Adding water causes the solution temperature to rise with a 
vigorous effervescence. The hydrochloric acid is not added until the effervescence 
slows to a minor bubbling. 
Preparation of GO samples for storage is as follows. A GO film is formed by drop-
casting an aqueous suspension onto a glass substrate (Glob Scientific Inc., 1380-10, 
plain). The 3 yr GO analysis was done on film sample after storing it for 3 years, and 
0 yr GO signifies an analysis that was done on the GO film immediately after formation. 
If GO was stored as suspension in water (5mg/ml) for 3 years, it is denoted as 3 yr_W. 





7.6.2  Analysis of Graphene Oxide  
Field Emission Scanning Electron Microscopy (FESEM) was performed on a JEOL 
JSM-6445F/Thermo Noran System Six EDXS with an accelerating voltage of 10.0 kV 
and a 15 mm working distance. Samples were prepared by adhering dried GO 
powders to carbon tape on an SEM stub. Samples were then sputter-coated with a 
palladium/gold mixture using a Polaron Instruments SEM coating unit E5100 for 30 
seconds.  
X-Ray Diffraction (XRD) was performed using a Bruker D2 Phaser. For each 
sample, the graphite powder was tightly packed in order to generate a smooth surface.  
Raman spectroscopy was done using a Renishaw 2000 Raman Spectrometer, 
operating at a wavelength of 514.5 nm. Powder samples were placed on a clean glass 
slide and scanned three times for ten seconds to minimize fluorescence background 
over a Raman shift of 1000 to 3200 cm-1.  
Thermal Gravimetric Analysis (TGA) was performed on a TA Instruments TGA Q-
500. Samples were placed inside a platinum DSC pan with small holes punched in the 
lid. This was done to prevent loss of material during heating. The samples were heated 
in a nitrogen atmosphere at a rate of 10 °C per minute to a final temperature of 600 
°C.  
Fourier Transform Infrared Spectroscopy (FTIR) samples were prepared by mixing 
1 wt. % GO samples with 99 wt.% KBr (Fisher Scientific, IR Grade) pellets. Spectra 
were collected on a Nicolet Magna-IR 560 spectrometer. Elemental Analysis samples 
were completed in-house on an Elementar vario Micro cube, where oxygen content 




X-ray photoelectron spectra (XPS) characterization of the synthesized materials 
were done on a PHI model Quantum 2000 spectrometer with scanning ESCA 
multiprobe (F Physical Electronics Industries Inc.), using Al Ka radiation (l=1486.6 eV) 
as the radiation source. The spectra were recorded in the fixed analyzer transmission 
mode with pass energies of 187.85 eV and 29.35 eV for recording survey and high-
resolution spectra, respectively. The thin film samples were pinned to a sample stage 
with a washer and screw then placed in the analysis chamber. The main chamber is 
pumped down to ultrahigh vacuum (1x10-9 torr) before data acquisition commences. 
Binding energies (BE) were measured for C KLL, C 1s, and O 1s. The XPS spectra 
obtained were analyzed and fitted using CasaXPS software (version 2.3.16). 





Chapter 8:  Summary and Future Work 
 
8.1  Summary 
A fractionation method was successfully developed to produce various GO fractions 
from from an original material (initial GO precursor). This method does not use any 
physical or chemical reactions and hence avoids any kind of incorporation of 
undesirable structural defects. The different GO fractions vary in terms of oxidation 
and size. 
Further, a number, DO, (Dispersity of oxidation) for GO is defined that universally 
describes the GO oxidation distribution. The statistical studies were performed for 
corroborating the dispersity of GO further and development of various fitting models 
for the same. 
Various properties of GO fractions are explored, and a route for easier optimization 
of GO-based products was developed. GO fractions were used, and their performance 
was analyzed in a number of applications in the areas of biocompatible materials, 
polymer nanocomposites, and electrochemistry. 
Methods to produce a new generation of GO materials are explained. SGO is 
produced with the same effort as Modified Hummers’ GO is produced but with 
enhanced properties. Another reduced graphene oxide like material, uGO, was 
obtained. This material has the low extent of oxidation found in rGO, but its Raman 




An in-depth study of aged graphene oxide in dry, aqueous, and encapsulated 
environments was done. The results showed that GO establishes a minimum energy 
stage after a couple of years and originally different GO materials become similar. 
This study proves that the GO used in various applications changes with time, and so 
the performance of the products it is being used in will change over time. 
Understanding these effects quantitatively will enable optimizing the performance of 
such GO products. 
  
8.2  Future Work 
GO fractionation results in GO materials varying in terms of oxidation and size. 
Using additional characterization approaches, such as HR-TEM, could reveal other 
important feature that can be crucial in understanding its nanostructure and defects 
sites and oxidation islands. These studies might provide useful information about the 
topological features of that GO fractions that lead to stabilization of emulsion systems.  
Further work should be carried out to find the details about the distribution of oxygen 
functionalities on individual sheets. Present research only provides the details of 
oxidation on bulk GO material and distribution on individual sheets is considered 
random. This dissertation has suggested routes to produce different types of GO 
materials, i.e., uGO and SGO. But they were only used in few applications. Use of 
these materials can be explored in various fields due to their unique and significant 
properties. 
Minimum energy structures of various other GO materials should be studied to 




all GO materials show a reduction in their oxidation extent and give rise to a common 
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Figure 10-3. XRD of water region GO fractions with the corresponding r values. 
Increasing fraction resulting in a small, but significant, increase in the oxidation level 


































































Figure 10-6. UV-vis plots for film-2t made from different GO fractions with a 















Figure 10-7. GO film thickness distribution as determined by AFM studies. The GO 
films are made from 0.24mg/cm2 surface density of GO material on a glass 
substrate. Synthesis methods for GOa1 and GOb3 are different with mean thickness 




















































Figure 10-10. Comparison of loss of capacity with increasing cycle number for 


















Figure 10-11. Picture of quenched HGO (black color in the left) and SGO (yellow 












Figure 10-12. XRD patterns of four GO samples GO1, GO2, GO3, and GO4 done 
in 2015 (dotted line) and in 2018 (solid line). Typically, GO peak lies in 10-13 2θ 






































Figure 10-14. Size distribution of defect sites calculated from SEM picture of 3 yr GO 
sample. The scale of SEM picture- 100nm. 
 
